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CHAPTER 1 


EVOLUTION OF COMMUNICATIONS 


1,1 INTRODUCTION 


People like to talk with each other. The Bell System is based on the be- 
lief that:people want to talk to other people beyond the normal range of the 
human voice, and are willing to pay for the satisfaction of that want. The 
early primitive methods used for communications, such as runners to re- 
lay messages, the use of drums, birds and smoke signals serve as exam- 
ples to substantiate this belief, The basic function of the Bell System is 
to transmit intelligence by means of electrical signals from one location 
to another, near or far, for the benefit of its customers. | 


The purpose of this chapter is to examine the evolution of methods for com- | 
munications and transmission media leading up to the use of carrier. 


1.2 DEVELOPMENT OF COMMUNICATION SYSTEMS 


Telegraph | 
Due to the tremendous growth of railroads in this ecintey and many social — 


demands stemming from transmigration of people, the need for an efficient 
form of long distance intelligible signaling was needed. This need was | 
answered by the invention of the telegraph. 


A telegraph circuit in its simplest form consists of a single wire between 
two points, equipped at each end with a manual telegraph set consisting of 
a relay, sounder and key, These are so arranged that one set is connected 
to ground and the other to battery, or both sets connected to o grounded 
battery of opposite polarities. | 


West Station East Station 
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Fig. 1-1 Elementary Telegraph Circuit 
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Fig. 1-1 illustrates such a simple telegraph. To analyze its operation, 
let us assume that the west station key is closed and ready for sending. 

If now the east operator closes his key for only an instant, current flows 
through the windings of both the east and the west relays actuating both 
east and west sounder, producing a complete stroke of the sounder lever 
corresponding to a ''dot!'’.. If the key lever is held closed for a longer per- 
iod, a longer interval of the up and down strokes of the sounder lever is 
effected producing a "dash". Proper application of ''dots and dash" to a 
code results in intelligible signalling. To send in the opposite direction 
the ae is ever le: | i | | og 


A telegraph Cen: this kind was limited to short distances. The amount 
of current that could be sent over long ckts. of this type might not be suffi- 
cient to operate the receiving relays; or the signal distortion caused by 

such a long line might introduce errors. Hence a new need arose, this 

need was satisified by the introduction of an intermediate relay at a central 
point in the ckt. in which the signal is reenergized by new battery connected 
to its contacts. This type of ckt. unfortunately, is good for only one way . 
transmission; under these conditions it was necessary to use two conduc- 
tors which is more aaa from the ic of ane a company. 
Refer to fig. 1-2. . | | ro 


From the subscribers point of view, the class of service it would provide ~ 
might or might not be preferable... Because with the two ckt. arrangement 
a subscriber could send and receive at the same time providing he had. 
two operators at each station. This is known as f{''full duplex") operation. 


West | | : _ East 
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Figure 1-2 
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The problem was overcome with the introduction and employment of polar 
relays in a complex arrangement which is worthy of separate treatment 
and will not be discussed further. 


Telephone | : , 
While telegraph performed, and still performs a very definite function, 
its mode of communication was such that while the service was commer- 
cially available, people demanded a more personal means of communica- 
tion. In short, the facility of talkingfor great distances; the need was 
answered by the invention of the telephone in 1876, which consisted of 
ruggedly constructed telephone receiver which served as both transmitter 
and receiver. In the simplest form of telephone ckt. two wires were ter- 
minated at each end with an instrument but without transmitter or signal- 
ing features. Figure 1-3 shows such a circuit. 


Fig. 1-3 Elementary Telephone Circuit 


With this arrangement it was only possible to talk for short distances. 

One year after the invention of the original telephone, the Blake Trans- 
mitter was introduced. This works on a principle which uses external 
battery as the chief source of energy and the vibrating diaphragm acts as 

a means for regulating or modulating this energy supply rather than as a 
generating supply. This device is shown in Figs. 1-4 & 1-5. The simple 
telephone connection between two telephone sets employing transmission 
receiver and its own battery supply was known as "local battery" tele- 
phone. The addition of signalling eqpt. was added and the result was a 
telephone subset capable of transmitting and receiving comparatively long 
distances. Now at this stage of development in telephony, improvement _ 
of the simple subset would offer little to the limitations as to the distance 
one could "'talk''. So logically the transmission medium needed some 
improvement. But in the meantime there was a great demand for the serv- 
ices this electronic infant could offer. Hence the development of switching 
facilities or central offices came about. 


1.3 
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2 Fig. 1-4 Principle of the Telephone Transmitter _ 


iu aiaiis Telephone Circuit with Local Battery Transmitters _ — 
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The eek quitamaveia: i jeleghonen were see eaty:: in , 1877 to connect the : 
office of a Boston business | fan with his residence, a few miles away, : 
While this worked satisfactorily and several such installations were. sae, 
it was soon. realized that a telephone. which could connect. only one © 

other telephone was providing fa ‘fr ‘from universal service. The first 
thought then was to cennect. each instrument by an individual line to every | 
other instrument, | Fortunately - someqne spon found out that the number of — 
individual lines: would be: equal to. n ~1) » if nis the number of telephone 
subscribers, ov-in other words,. that’ the number of lines would be nearly 
proportional ‘to. the square: of the number of subscribers and would soon | 
become astronomical As new. subscribers: were added, The solution, of 
course, was.to connect each telephone to a central switching point, where 
connections between any two: telephones: could be established. Thus, less 
than twe years after Dr, ‘Bell's much quoted summons to Mr. Watson, the 
first commercial telephone Switching office WAR. put in segvice at 

New Haven; ‘Gonnecticut, on a anuary fy. 1878. 


afl 7d - 


At this sige the. telephone companies had ontabliensa wire Communicators 
systems whose chief attribute: is that they were local, because in no case 
WweEe the AMIS PR ABRGE HAG: telephones: more than awery few miles apart. 


Incidentally, these. local communication systems. included switching systems 

for the purpose of. interconnecting — ‘Subscribers. Apart. from the means of _ 

ew thehin ge which is not treated in this.text, the local systems differed from 
Bell's 8 original wire communication system. by inclusion of wire lines 

- substantial length between the. telephone instruments. Thus a new set of 

transmigsion problems: was added. to fhoge. of the al ad ie aaa - 


The transition from isolated islands ag local communication set eae: toa 
move universal: telephone service, by. interconnecting the local systems, __ 
was not achieved overnight, Continuous effort has been spent on the prob- 


lem of making such. ‘connections from the early beginnings of telephony 


down, to the present day, Nearby communities were quickly interconnected, 
but the transmission problems. involving longer. distances were little under- 
stood in the. early days, For’ instance, it was not until 1881, three years 
after the first central office for switching local telephone calls was estab- 
: lished, that the first commercial telephone service began between Boston 
and Providence, - | ‘This was.successful because the line was operated ona _ 
metallic circuit. basis: (two wires) instead of the single wire, ground return 
method which had been employed. up. to that time. In 1884 the first conver- 
sation was held over a line from Boston to.New York, a service made - 
possible by the. introduction: Qf hardrdrawn, copper wire in place of the iron 
wire which had been used previously... Such lines were very costly, so the 
Amerigan Bell Telephone Company. applied to. the Massachusetts Legisla- 
ture to authorize an. inereas¢g: in capital for the purpose of constructing new 
interconnecting lines. ‘between local. systems. — When authorization was re- 
net) & REM, LAE PERE shud raranntes = ba ne of New. York for. ‘thip 
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purpose. ‘Thus began the American Telephone. and Telegraph Company.in-- 
1885. The lines which interconnected local’ telephone systems acquired: 

the name of toll lines because of the extra charge imposed for conversa-. : 
tion over long distances. ‘Since the frequencies of electrical waves em-. . 
ployed in transmission over these lines were confined to:the range of. : 
frequencies produced by the human voice, at least in the earlier days. ee : 
the American Telephone and Telegraph Company, the company may be: 

said to have Pee a voice- epeduency. oes wire Communication By ese 


Voice-frequency toll seats have gone een a “one eegied. of develop- 7 * 7 


ment and improvement, and are still in'use today. Atfirst, heavier and | 
heavier copper wires had’ to be used as the distances ‘spanned. EPey longer .. 
under the apparently insatiable demand for long distance service. Under. _ 
this condition, the cost per mile rose nearly proportionally to the distance | 
covered. The economical results of such a situation are ultimately un-. 
healthy, and the world's copper ‘supply might well have been endangered 

if the process had continued. A series of inventions over the years pode cd 
the attenuation per mile of the wire circuits by inductive loading, in. 1899,... Ha: 
and later’ made it possible to compensate for attenuation loss by: amplifier — 
gain, by use of the electron tube repeater first used in 1913, .thus. result-. | 
ing in great savings of copper. In another development, as long distance 
routes became congested because: of the growth of,demand for many cir. . 
cuits over substantially the same route,.cables containing many: small. : : 
gauge wires, which had been used over short distances in local Syolemae., oe. 
for many years, were adapted to the long distance service.. The trend of 
invention turned to methods for applying more than one circuit, or channel: | 


of communication, to a single pair of wires, thus utilizing the copper wires 5 i 


still more efficiently. Development of the phantom circuit, eiagrae 
three circuits on two pairs of wire, was a step in this direction. The. 


logical outcome of the search, however, was the application of the carrier 7 _ 
principle to wire lines. The method is to convert the audible frequencies. | 


of a communication channel to a.corresponding band of frequencies cen- 
tered about, or otherwise related to a particular frequency.beyond the. 
audible range, known as a carrier frequency. By suitably spacing such |. 
carrier frequencies over a comparatively wide range, several communi-. .__ 
cation channels may be combined to transmit signals or voice over.a _sin-... -_ 
gle pair of wires, without interference from one channel to another. The . 
first such carrier-frequency toll communication system went into use, f 
between Pittsburgh and Baltimore in 1918. -Early carrier systems Bio; 
vided up to three or four additional channels, as well as the original | 
voice-frequency channel on each pair of wires.’ More recent ae yeianareare. 4 


have provided as many as 16 channels in carrier systems designed for use ... 


on open wire lines, and in carrier systems. utilizing jong distance cables.. 


In the case of open wire, two or more different carrier.systems: are some-... 


times applied to the same line, giving. a total of 16 or more channels. me ch 
number of channels which a carrier system can, accommodate is limited, ite 
by the band of frequenciés which can be transmitted economically over the: duets 


Pc: 
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conducting wires which are to be used. This limit appears to be between 
12 and 20 for the type of conductors, open wire or cable, already in 
general use in the telephone plant. By making cables containing coaxial 
conductors, which transmit a far wider band of frequencies, the number 
of channels has been very greatly increased (3700 in the L-4 carrier 
system), and the limit had not yet been pongo 


The evolution of communication systems cannot be concluded winout 
some mention of radio systems. Recent years have seen the application 
of radio telephony to the plant of the telephone companies on an ever- 
increasing scale, Radio-frequency. communication systems have been 
developed for specialized use in legal areas, such as communication | 
over water to nearby islands or harbor shipping, and over land to moving 
vehicles. “Longer- -haul radio systems provide service to ships at sea, 
and across the gcean to foreign countries. Another development, the | 
— relay system, follows in logical sequence the coaxial cable carrier — 

stem. The radio relay systems: operate in the microwave region of the 
fn ‘equency spectrum and transmit, such a wide band of frequencies that 
many hundreds of telephone channels: can be accommodated. Deas 
discussion of them will be covered later in this text, 


1.3 APPLICATION OF SYSTEMS 1 TO ) STRUCTURE OF EXITING 
PHYSICAL PLANT 


The modern name for local sieshone communication degacene is exchange 
area systems, or, more briefly, exchanges. The boundaries of an ex- 
change area are fixed and defined legally, having been settled upen in the 
process of working out with state regulatory bodies what rates are to be 
charged. Thus an exchange area system may contain a single central 
office, or several interconnected central offices. An exchange, there- 
fore, is not a synonym for central office, but rather a complete local 
system, In this system the subscriber set is connected to his central 
office by means of a subscriber line, or loop, a term which originated 
in telegraph practice, years before the invention of the telephone. | 
Physically, the loop consists of a pair of wires mostly in cable or, in 
outlying districts, on a pole line. At the central office, there are intri- 
cate arrangeménts for connecting one subscriber to any other. 


Figure 1-6 shows the position of: toll. systems in the telephone plant. An 
important, difference between toll and exchange area. systems, as they are 
usually thought of, is that whereas the latter includes all apparatus neces- 
sary to: conduct a conversation, from the calling transmitter to the called 
receiver, a toll system is merely a link or part of a link between two 
separate exchange area systems, No conversation could be held over the 
toll system by itself, without the. inclusion of at least parts of exchange 
area systems, In the usual arrangement of the exchange plant for toll 
calls, a pie. ‘sonnecting tank Sonne eie me cote central ee aeons 


EXCH. | | _L_/ (COAXIAL CABLE) 
CABLE | : T=K-N (TOLL CABLE) 
: a . — CeH-J-0 (OPEN WIRE) 


. - |} TOLL SWITCHING - 
rin His LOCAL TEL. | TOLL SWITCHING | ea ae “A alee | EXCHANGE IN: | 
| KEY TEL. ; EXCHANGE i 4 EXCHANGE E : | TERM. 4 A 7 : : [DISTANT LOCAT ION 
} = ae feet: : EQUIP. a J = J : 


~} Equip, [ ami | : 
| eee | | [| TOLL BOARD 
a 


MANUAL 14 -A TOLL X BAR | 
PANEL | TOLL TANDEM | 
TV OPERATING | | : - 3 | 
CENTER ff TOLL CAN oo TOLL CA. 
| OR 0.8. ss! fa OR OW. 
| | Feed. 2 
| ca 
| 
| 


SxS 
X BAR 


| SWITCHING | 
FRAMES | 


[TEST SETS] 
| OPERAT ING | 
ie me 


4 
5 ER ORT TS TT PE IIE OIE 2 ETT PORE: 3° 5 {ALN I RENTS SCPC SENATE PEERED ERENT 


TD2-TH-Tu 


‘TO OTHER LOCAL © | . Be 3 rade 
TEL. EXCHANGES Be | | 7 | i 
IN SAME AREA a 7 ye ; FO LOCAL 
. =< 4 = 4) 2 = _ i TELEPHONE 
_ DIRECT OR ee: .ee 2 “ . > EXCHANGES 
THRU TANDEM ~ pe 2 : aa oy 


__M.CARR. ON RURAL FUR. LINE 


. 


i rr Cr ee - GOMPOSITE OF 1 TELEPHONE : 


: np COAXIAL IN. 7 ot a es 
T.Y. PICK UPS ~ @ : | e base toe . 
m EXCH. CABLE | . Sees oar ae ‘Figure “he 


Teer ate ee : ; 
L, 8 


T YATAVWHOD 


SNOTI.WOINAWWOYD «TO NOTILATOAT 


CHAPTER 1 EVOLUTION OF COMMUNICATIONS 


to the calling toll office equipment. A similar arrangement is made in 

the exchange plant at the called end. The link between the two toll offices, 
which may be in different cities many miles apart, may be a circuit (sin- 
gle link) or several circuits connected in tandem at intervening toll offices 
fmultilink). These circuits in turn may consist of a channel in either a 
voice-frequency toll system, a carrier-frequency system or a radio sys- 
tem, or any combination of these. Thus a long circuit may be composed 
of as many as six or seven permanently: connected sections, each part of 
a different toll system. A multilink toll connection may have such circuits 
switched together, although most of these circuits would probably consist 
of not more than one or two different facilities. Such cases are extreme. 
A. toi, connection between, say, Joplin, Missouri and Stamford, Connecticut, 
is more representative of an average multilink connection. .This connection 
might consist of three circuits, Joplin to Kansas City, Kansas City to 

New York, and New York to Stamford, the switched connections being made 
at Kansas Gity and New York. The Joplin-Kansas City circuit may be part 
of a 4-wire voice-frequency toll cable system, and the New York-Stamford 
circuit a 2-wire voice-frequency toll cable system. The middle link, 
Kansas City- -New York in this example, consists of three sections, part 
of a 4-wire voice- frequency toll cable system from Kansas City to 

et. Louis, a channel in a type "LL" coaxial carrier system from St. Louis 
to Chicago, and a channel in a type 'K'' cable carrier system from Chicago 
to New York. Thus the multilink consists of three circuits which are 

parts of five different toll systems. 


1.4 GENERAL TERMS USED IN TRANSMISSION SYSTEMS 


“Voice Frequency Systems'' are those which transmit intelligence over the 
line at frequencies which fall within the useful portion of the audible spec- 
trum, in general that lying between about 200 and 4000 cycles per second. 


"Carrier Systems’! are those which employ some form of modulation at 
each end of the circuit, so that the signal is transmitted at frequencies 
above the principal audible range. 


‘'Two-rWire Operation'! - By its basic nature a telephone conversation re- 
quires transmissions in both directions between the customers at opposite 
ends of a transmission system. In the early days of telephony, most 
transmissions were made over paired conductors (or wires) and the trans- 
missions in opposite directions used the same electrical path between the 
customers. At switching points the two transmission path terminals of 
one circuit were connected through cord circuits or switching mechanisms 
to the two transmission path terminals of a similar circuit. This method 
of transmission and switching was therefore designated as two-wire oper- 
ation. Refer to Fig. 1-7. 
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Figure 1-7 Two-Wire and Four-Wire Operations - 


Thus by definition, transmission and switching operations are “two-wire'! 
when oppositely directed portions of a single conversation occur over the | 
same electrical transmission path or channel. . 


'Four-Wire Operation'! - When carrier system operation was introduced 
into the open wire plant and circuits of increasingly greater length were 
routed in cable plant, echo and singing considerations made it necessary 
to separate the electrical paths used for oppositely directed transmissions. 
between the customers involved in a single conversation. This separation 
is accomplished by either or both of two methods, as follows: 


a. Separate pairs in outside plant and office cabling 
b. Separate carrier frequency bands 


In the larger intertoll switching mechanisms used today such separation 
is also maintained through the switches. 


Because two separate pairs (or 4 wires) were used for the oppositely 
directed transmission paths of many of the longer voice-frequency cir- 
cuits in cable, circuits operated in this manner were designatedas 
"Four-Wire'' circuits. 


Thus, by definition, i anemission and switching operations are "Pour - 
Wire'' when the oppositely directed portions of a single conversation are 
routed over separate electrical transmission paths or channels. 


A distinction is sometimes made between the two methods of four-wire | 
Operation. Systems using the same frequency band in two Be paste paths. 
for the two directions are said to give "'real four-wire operation"! E those 
using two frequency pane? over a single path are said to peovede™ ‘equiva -~ 
lent four-wire operation''. Refer to Fig. 1-7. | ae 
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'Frogging'' - In railroad operations it is sometimes necessary for rails 
to cross each other. The device used at such cross-over points is known 
as a ''Frog'' in railroad vernacular. . 


In telephone operations, it is sometimes necessary to cross over from 
one electrical transmission path to another at some point other than ata 
switching center. Such cross-overs are made to equalize transmission 
losses or to reduce cross-talk between circuits. This is done by: 


a. Interchanging circuits between two parallel cables at an intermediate 
repeater station. 

b. Interchanging high and low frequency carrier system allocations at an 
intermediate repeater station. | 


By definition the jnterchange, or cross-over of one transmission path or 
channel to another at some point other than at a switching point has been 
designated as ''Frogging'! 


Open Wire Loading 

Open wire telephone transmission lines are subject to attenuation as a 
result of their characteristic impedance, capacitance and inductance. 
Attenuation is also a function of the frequency being transmitted and in 
telephony results in distortion. Thus for example frequencies at the upper 
end of the voice range might suffer more attenuation than frequencies at 
the lower end of the range. In practice the longer the lines the worse the 
attenuation. In 1883 it was proposed that the inductance of telephone lines 
be increased above the amount natural for inter-axial spacing, with a 

view to counteracting the more harmful effects of the line capacity. This 
was in answer to the need to provide an auxiliary device which would over- 
come the limitation of long distance transmission, even over a copper line 
of only 900 miles. 


increased inductance if properly chosen and applied would decrease or 
eliminate distortion by making the line's effect on fundamentals and har- 
monics more nearly uniform, and as well should reduce the attenuation by 
neutralizing the action of the line capacity in dissipating energy. It wasn't 
until 1899, however that a professor by the name of Michael Pupin devel- 
oped a practical load coil. Loading was used on open wire extensively be- 
fore repeaters were developed. Loading is applied by inserting inductance 
coils at regularly spaced intervals along the lines. This effectively breaks 
up the loaded ckt. into network sections. Such a network has the essential 
characteristics of a ''Low Pass Filter'' which provides for a low ''Cut-Off 
Value", which is. that critical value, at which reactance increases very 
rapidly with any increase in frequency. This factor obviates the use of 
loading on high frequency carrier systems except for entrance cable 
loading. | 
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Loading of open wires helped make it possible in 1914 for the A. T.& T. 
to join the Pacific and the Atlantic seaboards with a transcontinental line. 
Loading however has been generally discontinued today due to changes in 
attenuation characteristics of open wire circuits, particularly leakage, 
with varying weather changes. For an example in dry weather loading 
effectively reduces attenuation, but in wet weather loading may actually 
increase the attenuation. In order to increase the overall transmission 
stability of such circuits, accordingly, most loading was removed after 
the telephone repeater came into general use, and the resulting increase 
of attenuation was compensated for by the employment of additional re-. 
peaters. | : | 


Toll Cable Loading : | | 

The use of cable conductors for long distance telephone transmission in 
the early days had many difficulties to resolve. For wire conductors in- 
side a cable, due to obvious economic reasons are much smaller than 

those used in open wire, hence the attenuation was much higher than that 
of open wire per unit length. The fact that the conductors were much : 
closer together increases the capacitance and adds to the loss. Therefore _ 


in general, cable conductors used for voice-frequency transmission ro — a 


loaded. 


Before the development of telephone repeaters, toll cables of the largest 
possible gauge conductor within the norms of practicability as #10, 13 & 16 
were used and loading was nea 


Heavy Loading while effectively weddeiad attenuation, has some undesirable 
effects, in the first place it reduces the velocity of propagation to relatively 
low values which may seriously interfere with effective transmission over 
extremely long circuits. Also, such a loaded circuit acts as a low-pass 
filter with a relatively low cut-off value which in some cases was around 
2500 cycles. | 


Requirements for good fidelity in transmission requires that the cut-off 
points be higher than this. 


It is desirable that the common telephone circuit transmit frequencies up 
to at least 3000 cycles and if used for program transmission work, must 
be substantially higher. There has been because of this, a tendency to use 
lighter and lighter loading in cable circuits - that is, to employ load coils 
of lower inductance and spaced closer together. At the same time the use 
of telephone repeaters has made it possible to use finer gauge conductors 
in toll cables, so that now practically all conductors in toll cables are now 
either l6- or 19- “gauge. > 3 


CHAPTER 2 


CARRIER SYSTEMS - GENERAL 


re | INT RODUC TION 


All of the carrier seecaiag: except the’ type “pe which requires coaxial 
cables, are designed to be applicable to one or more of the already existing 
standard types of line facilities. To apply a carrier system to a line 
requires the addition of the carrier terminals and repeaters, and frequently 
also, special treatment of the line itself such as the carrier transposing of 
open-wire lines or the balancing of cables. The cost of this equipment and 
line treatment therefore represents the cost of the telephone ebennGte 
furnished by the carrier system, | 


A carrier: ystems would not be used unless it proved in econannresiiy: For 
a carrier system to prove in, the cost of obtaining additional telephone 
channels by means of the carrier system must be less than the cost of 
obtaining the same number of channels on that route by other means, such 
as ky stringing new wires or cables and equipping them with voice frequency 
systems. An important part of the cost of carrier systems is the cost of 
the terminals. This is a fixed cost per system regardless of its length, for 
a particular type of system, but when expressed in terms of cost per mile, 
it looms up as a much larger part of the total cost on short than on long 
systems. It follows that for each type of carrier system, there is some 
minimum length of system below which the carrier costs per telephone 
channel mile are so great that the system does not prove in, and it is more 
economical to obtain the telephone channels by other means. 


The fact that carrier systems have tended to prove in more naturally and by 
larger margins on longthanon short circuits, has had a large effect on the 
engineering of the telephone plant. This effect has been to drive voice- 
frequency systems out of the long toll circuit field and to relegate them more 
to the shorter circuits which feed the main toll routes, as noted in the 
preceding chapter. Today, practically all circuits over 500 miles long and 
many shorter ones, are carrier circuits. The trend toward the use of 
carrier for long circuits receives added impetus from the fact that better 
transmission performance can be obtained from long carrier systems than 
from long voice-frequency systems. | | 
It is evident that the carrier systems increase the efficiency of use of the 
wire lines by the principle of superimposition. That is, they add additional 
speech channels ‘to the line, each utilizing an otherwise unused part of the 
frequency band. For example, when a type "C'' carrier system is added 
to an open-wire pair, three additional 2-way telephone channels are > 
superimposed above the regular voice-frequency channel, using frequencies 
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up to about 30 kilocycles. To the same pair can be further added a type 
'"J'' carrier system furnishing twelve more channels in the frequencies 

between about 36 and 140 kilocycles. When both systems are used, the 

open-wire pare furnishes sixteen two-way toll telephone circuits. 


It is quite possible that in the future other methods of multiplying the 
number of channels that a line can transmit may be developed. For 
example, there is frequent engineering speculation about the possibility of 
applying the technique of pulse modulation, used in the radio art, to wire. 
line transmission (or perhaps to transmission over long distance wave . 
guides). This would be a time rather than a frequency superposition of — 
channels, since each of the different channels would.correspond to certain 
allotted pulses of the very large number weree wou be transmitted per 
second. : 7 : 7 


The purpose of this chapter, is to focus our attention on the carrier tech- 
niques in use in present kinds of systems. We therefore proceed in the . 
next section with a general description of the features common to the 
standard carrier systems. a | ‘s 3 


2. 2 GENERAL FEATURES OF CARRIER SYSTEMS 


With the exeepiien of the original type "A'' and the short- haul type ug | 
carrier systems, all of the carrier eyeleras which have been standardized | 
for use on wire lines operate ona '4-wire'' basis. That is, each voice- 
frequency telephone channel handled by the system is divided by means of © 
hybrid circuits at the system terminals into two oppositely directed one- 
way channels which are kept separate and distinct from one end of the 
System to the other. The carrier systems therefore begin and end with 
voice-frequency hybrid circuits. The two one-way channels are kept , 
separate during transmission between the terminals by one of two methods: 
either by transmitting them over different pairs, or else by transmitting 
them at different carrier frequencies over the same pair. | 


Each one-way voice channel is translated in frequency to the band allocated 
to that channel on the line by a process called modulation. This frequency 
shift is made in a single stage of modulation in some systems, and in 
others, two or even three stages of modulation are used. At the receiving 
end of the system, the channel is shifted back to its original voice- frequency 
band by an inverse process of modulation (usually called demodulation) in 
one to three stages. The principles of modulation, and typical circuits of 
modulators are described in another chapter of this text. The following 
general remarks may oS made at this point. 7 


The type of modulation employed in all of the systems is that known as _ 
amplitude modulation (AM, in radio language). it is well known, as shown | 
later, that when the amplitude of a carrier wave is modulated by a signal, 
the result is a wave composed of the carrier frequency plus an upper and a 
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lower sideband which differ from the carrier frequency by the frequency ag 
the signal. It is evident that the two sidebands are redundant; either by 
itself carrying all of the intelligence of the signal, and that the carrier. 

is superfluous, carrying no intelligence at all. Therefore in most of the 
multichannel systems, maximum efficiency is attained by removing the 
carrier and one sideband by means of filters, and transmitting only the — 
other sideband. However, in certain of the systems where economy is a : 
main object, both of the sidebands and perhaps also the carrier are . 
transmitted. | 


When single-sideband transmission is ‘employed, it is evident that the” 
carrier signal in a given channel has the same bandwidth as the original. 
voice-frequency channel, The single sidebands corresponding to the differ- 
ent telephone channels handled by the system are usually placed in adjacent 
positions in the carrier frequency band, one every 4 kilocycles,. With . 
modern filters this permits a useful band for each channel which is some 
what wider than 3 kilocycles. It will be shown later that single-sideband | 
transmission, though physically derived by a process of amplitude modula- = 
tion, is as closely related to frequency modulation as na is te OM, Ut is a 
vorys efficient method of transmission. 


An important feature of every carrier system thus consists of the: ‘miedulac * 
tors and demodulators which shift the frequencies of the telephone — ° 


Another feature of all carrier systems is the need to select the desired | 
signals from the modulators for transmission to the line, and to separate 
the line channels from each other for application to their respective | 
-demodulators, at the receiving end of the line. Filters are also used to | 
separate groups of channels for each other. se oe 


The signals are usually transmitted over the lines between the terminals in 
two groups, one consisting of the E-W (east-to-west) one-way channels. of 
all the telephone circuits handled by the system, and the other consisting 
of the W-E (west-to-east) one-way channels of the same telephone circuits. 
As noted earlier, the two groups may be transmitted over different pairs, 
or over the same pair in different frequency ranges. The channels. con- 
stituting a group are amplified by one common carrier line e amplifier 

(or repeater) at each repeater point. 7 a 


The lines, of course, have considerably greater attenuation, at a bicker: 
frequencies needed for carrier transmission than at voice frequencies. 
Therefore carrier line amplifiers must be spaced at much shorter inter- 
vals along the line than must voice-frequency repeaters, The length of the 
repeater sections on any system is a function of the line attenuation, the ~ 
-_ gtandards for allowable noise at the end of the system on each telephene | 
- channel, the maximum length of system, the noise on the line sections and 
in the amplifiers, and, in the case of multichannel systems, of the amount — 
of modulation in the line amplifiers. Since the line attenuation is greatest 
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for the highest frequency channel transmitted by the system, the repeater 
spacing is aeuey determined by the rules as oT apENeS to that channel. _ 


Because the line attenuation is great at the « carrier frequencies, the 
variation in attenuation with temperature (and with weather in the case of 
open-wire lines) is also large. Furthermore, both because of the large 
attenuation and also because of the wide frequency band required for most. 
carrier systems, the difference in attenuation between the highest and 
lowest transmitted frequency is large. These considerations impose | 
severe} transmission problems on the carrier Sense which are solved 

in different wave on the various systems. 


The variations of the. lines with frequency and temperature are compensated _ 
for by equipment associated with the line amplifiers. It will be noted that 
though the total effects to be compensated may have hyperastronomical _ 
magnitudes,..the distribution of the compensation among many line ampli-. 
fiers reduces the problem at each amplifier to manageable proportions. | 
The equipment which does the compensating falls in two categories, namely, 
basic equalizers. which compensate for the attenuation-versus-frequency 
distortion of the lines under mean ambient conditions, and regulating net- 
works which adjust for the variations in the attenuation and in the attenua- 
tion-versus-frequency characteristics of the line due to changes in temper- 
ature (and other causes). The regulating networks are automatically _ 
operated, usually under control of one or more pilot frequencies wedged i in 
between the telephone channels. In some cases, the flat gain variations _ 
may be controlled by a d-c pilot channel similar to that used in the pilot-— | 
wire regulators of voice-frequency systems, or by the energy in the carrier _ 
channels themselves. The specific application of the techniques to the © | 
various carrier systems is described in later chapters. 


The pilot frequencies, when used, are of course supplied by the system | 
terminals. Another feature of carrier terminals, therefore, consists of 
the means for generating the pilot frequencies, and also the carrier 
frequencies: required by the various modulators and demodulators. In most 
systems, these frequencies must be very exact in order that the signal and _ 
pilot frequencies will accurately match the pass bands of the filters through 
which they must be transmitted, and that they will fall properly into their | 
allotted frequency positions on the lines. It may be noted that in those 
systems in which the carrier is not transmitted, which is the case with 
most of the systems, the carriers supplied to the modulators and demod- 
ulators at the two ends of the system.must be generated by physically 
separated oscillators. Any-actual difference between the carrier fre- | 
quencies at the two ends, which ideally should be identical, results in a 
corresponding displacement of the same number of cycles in all the fre- : 
quencies in the telephone signals emerging from the system. The tolerance | 
for such frequency. displacements is at most a few cycles, which in terms 
of per cent error in He carrier frequencies necessitates considerable 
accuracy. 
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2.3 FUNDAMENTALS OF CARRIER TELEPHONE SYSTEMS 


In ordinary telephone transmission a pair of wires between telephone sub- 
scribers ordinarily carries one conversation and is required to transmit 
intelligence or voice frequency energy in both directions. In other words, 
we speak and hear over the same pair. This is called a two-wire 

system and is possible because of the circuit arrangement of the subscrib- 
ers instrument. Figure 2-1. 


if we attermpt to use one pair for more than one conversation at one time, 
we succeed only in making a four person conference out of it in which © 

ach person can hear everything everyone else says. Adding more 
eeu cars only adds more confusion. Figure 2-2. 


Changing to a four-wire system has definite advantages in carrier telephony. 
Since we are developing a simple carrier system we will convert our _ | 
circuit to "four wire.'' This simply means that when A talks to B, one 

vaiv is used. When B talks to A, a different pair is used. Even with our 
simple telephone circuit the confusion has been reduced somewhat since | 
now only two receivers can be actuated by any one transmitter. Figure 3-3. 


speech transmitted over telephone lines, generally speaking, is in the 
range of 300 to 3500 cycles per second. If we can change the frequency 
range of the speech of customers Al and Bl from the 300 to 3500 cycle 
range to.a range of, say 4300 to 7500 cycles and, further, arrange to 
separate the A-B from the Al-Bl conversations at the receiving ends of | 
the circuit, we can use two pairs of wires for two separate conversations 
or even more with a saving in plant investment. This is the beginning ofa 
carrier system. | 


Garrier telephony consists of superimposing voice frequencies on a carrier 
frequency and then transmitting this information to a point where the 
reverse will occur. The normal range of voice frequencies is 50 to 8000 
cycles or higher. For telephone use a range of 300 to 3500 cycles is used. 
This range will allow one subscriber to identify any other subscriber, The 
carrier frequencies are steady frequencies other than voice frequencies, 
usually higher than the voice range. The superimposing is the modulation 
spoken of earlier in this chapter. | 


When the voice frequency is superimposed or impressed on the carrier 
frequency for amplitude modulation there is obtained, among other things 
the sum and the difference of the two frequencies. For example if we let: 


V = voice frequency 


C = carrier frequency 
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Then the results of modulation may be expressed in the basic formula: 
C ? ¥ = frequency output ~ os (231) 


Using the voice frequency band 300 to 3500 cycles and assuming a carrier 
frequency of 7000 cycles C + V's 7000 + (300 to 3500) = 7300 to 10,500 
CrVs ae = (300 to 3500) = 3500 to 6,700 


The band of C + Vis called the upper. sideband and the band of C - V is 
called the lower sideband. The: reverse process is called demodulation 
and the voice frequency is obtained, Fon testing on a carrier system ine 

average of the voice frequeney . co oes he eae is Meee: : 


2.4 4, SIMPLE CARRIER SYSTEM. 


Now we can develop a simple carrier aes in ihtch two subeckiveds A 
ae B may talk together without. interfering with, or being interfered with, 
by two other subscribers Al and me — wey | are using the same wire 
poner. for. the talking pathe | | 


iets start with. tne ‘Signal generators at nae. end of a two wire ae as in 
Figune 2-4. The generators will produce frequencies of 1000 and 8000 
cycles respectively. On the line we have a mixture of the two frequencies, 
By inserting a low pass filter and a high pass filter at the receiving ends 
as in Figure 2-5, the two frequencies can be. separated. Each receiver 
would then operate independently of the other, | 


Now lets change the talking circuit of Figure 2-3 toa simple carrier 
system. Additional equipment is necessary. if we are to accomplish our 
objective. In Figure 2-6 this equipment is added and designated C. They 
are carrier components. If we specify that they are to meet certain | 
requirements we will have a simple two-channel carrier system. These 
requirements are shown on Figure 4-6. The blocks designated C are the 
filters, modulators and demodulators required in carrier systems. 


These are the principles upon which all carrier is eee They are also 
the princjples upon which your radio and television sets are based. The 
only two ideas involved are those of changing frequencies from one band 
to another and filtering out or removing unwanted frequencies. By adding 
detail and more channels we can arrive at various carrier systems, but 
no matter haw. eamaptie tae the details may mean ‘the fundamental ideas 
are the same. © | 


Rue to the fact that iseses: occur in Gus Peer er ee of any type of energy 

resul ting in the gradual dying Put. or attenuation of that energy, it is neces- 
sary tq use amplifiers or repeaters at intervals determined by the losses © 
encountered, Although only ane is: shown, the average fama! system has 
several augh oT Miguee 2 ant | | 7 
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?.5 A TYPICAL CARRIER SYSTEM TERMINAL 


A carrier terminal Figure 2-8 may be divided into three portions, the 
voice frequency, transmitting and receiving portion. 


In the voice frequency portion the low pass filter. (V) allows the voice fre- 
quency channel to pass through but blocks the carrier frequencies. ‘The 
high pass filter lets carrier frequencies into carrier equipment while it 
blocks out the voice frequencies. This path is established for one message 
circuit, NECEIWINE and ee eres | 


In the transmitting portion. of. Figure 2-8, the voice frequencies from the | 
subscriber are directed into the transmitting portion of the carrier channel © 
by the hybrid coil. The low pass filter (T) eliminates any undesirable 
frequencies outside of the voice frequency band 300 to 3500 cycles. The 
oscillator produces the carrier frequency. Each terminal has its own 
oscillator. The modulator impresses the voice frequency band on the 
carrier frequency and produces the upper and lower sidebands. In most 
carrier systems only one sideband is transmitted and this is called 

Single Sideband transmission. The band pass filter removes all frequencies 
except one of the sidebands.. 3 


Generally on open wire carrier systems one sideband (C + V for example) 
is transmitted in one direction of transmission and the other sideband 

(C - V) is transmitted in the other direction. Carrier systems used on 
cable generally use separate pairs for transmission in each direction, and 
this permits the same sidebands to be transmitted in each direction. The 
transmitting amplifier steps up the sideband being transmitted to the | 
desired power level for transmission. The function of the transmitting 
directional filter is to keep the frequencies being received from coming 
into the plate circuit of the transmitting amplifier. This establishes the 
transmitting circuit. | : 


In the receiving portion of the carrier terminal, the receiving directional 
filter blocks out the frequencies of the sideband being transmitted but 
allows the sideband being received to enter the receiving circuit. As the 
transmitted sideband is conducted to the receiver via the transmission 
lines the higher frequencies are attenuated more than the lower frequencies. 
The equalizer adds loss for the lower frequencies so that all frequencies 
will pass into the demodulator at the same level. The demodulator com- 
bines the carrier frequency with the received sideband and one of the 
resultant products is the voice frequency. The low pass filter. (R) removes 
all the products of demodulation except the voice frequency. The receiving 
amplifier steps up the power level of the voice frequencies to that required 
for transmission to the subscriber. The receiving frequencies are then 
directed to the subscriber through the hybrid coil. Thus establishing the 
receiving circuit. | 
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In the system just described we had two message paths over one pair of 
wires. It would be possible to add more message paths using this same 
pair of wires by adding more carrier terminals using different carrier 
frequencies. 


The next few chapters will Prana te on amplifiers, oscillators, modula- 
tors and demodulators. 
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‘CHAPTER 3. 
AMPLIFIERS 


3.1 INTRODUCTION 


There are many possible classifications of pies, depending on the 
purpose for which they are to be used,. One broad classification is as 
voltage amplifiers, or power amplifiers. Another classification depends 
upon the frequency range in which the amplifier is to operate. This may 
include audio-frequency amplifiers, broad sband amplifiers, radio - 
frequency amplifiers, and superhigh radio-frequency amplifiers. Again, 
amplifiers may be classed apo te Bie to the h band -width of the signal they 
are required to handle, i.e,, whether a relatively narrow band of audio 
or radio frequencies, or the wide band of frequencies encountered in 
broad-band carrier systems and in video transmission, » Any given ampli - 
fier may properly fall into more than ane _— classification, 


4.2 THE ELECTRON TUBE 


General | SS | | | 

It is outside the scope of this text to aaa in. detail the physics. of the 
electron tube or the circuit design theory that has been built around it. 
This section is intended to bring out some general characteristics of the 
electron tube which are pertinent +b its UBF as an pure 


The electron tube is a device to utilize the flow of free electrons ina 
vacuum or a partial vacuum. Such tubes are used as oscillators, rectis» 
fiers, amplifiers, modulators, pulse, generators, pulse shapers, etc. 
They are building blocks which make possible long distance telephony, 
radio, television and many delicate control systems, 


The Electron | : | 

The electron is a minute, negatively - charged adie with amass of 

9x 10-48 gram. The electron is the smallest bit of electricity. To light 
an ordinary 60-watt light bulb requires a current of about one-half ampere. 
In terms of electrons, this means a flow of about 3 x 10 electrons per 
second. For its size, the electron packs a. terrific punch; to speak more> 
formally, .we may say that the change-to-mass- ratig of the electronis 
enormous. Imagine two spheres composed entirely of electrons, each 
sphere weighing one gram (1/28 ounce), Because like changes repel, 
there would be a force tending to push the spheres apart. If the spheres 
were separated by 100 km (62 miles), the repelling force would still be 
about three million, million, million fons. | 
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Electrons in Metals oo : 

In metallic conductors, some electrons are unbound and free to travel 
from atom to atom. Such unbound electrons, in the absence of external 
electric or magnetic forces, assume a chaotic motion. If enough addi-. 
tional energy from an external source is imparted to such unbound elec- 
trons, some of them will move toward the surface of the metal with 
sufficient velocity to break through and become, at least momentarily, | 
free electrons. 


es of Emission = : 
The four principal methods to obtain nee niseinone from solid metals are: 


a. Thermal emission, in hich the eae is heated to increase the eeniat 
energy of the unbound electrons. | 

b. Photo-electric emission,’ in which Light energy is transferred to the 
unbound electrons. 

c. Field emission, in which a bess eetuie field is ae to the sur - 
face of the metal. 7s 

d. Secondary emission, in each the energy is: supplied by electric charges 

bombarding the surface of the metal. 


Flow of Electrons. eae | 

If free electrons are provided by some method of emission and if a positive 
collector is nearby, there will be a flow of electrons from the emitter, or 

cathode, to the collector, or anode. This flow of electrons, or current of 

| electricity, is commonly measured in amperes or milli-amperes, (An 

Se is one coulomb per second, or 6. 24x 1018 electrons per second.) 


The Diode and Its Characteristics © : 

The simplest electronic tube is called a diode because it has only two ele- 
ments; the cathode and the anode. The cathode is usually completely 
surrounded by the electron-collecting anode, or plate. If the cathode is 
emitting sufficient electrons and if the diode is connected in series with a 
suitable battery, with the plate connécted to the positive battery terminal, 
an electron current will flow from the cathode to the plate. No current 
can flow in the opposite direction. Figure 3-1 illustrates typical diode 
characteristics. It will bé seen that plate current is strongly affected by 
the plate voltage until the plate voltage is made high enough so that satura- 
tion is approached. At the point of saturation all electrons emitted by the 
cathode are drawn tothe plate. Further increase of plate voltage beyond | 
the point of saturation cannot increase the current. | 


Figure 3-2 shows how a diode characteristic curve can be used to deter- 
mine the current flow which will result when an alternating voltage is 
‘apphied to the tube. 
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The Triode and Its Characteristics 


In the triode a third element, called the control grid, is placed between 


the cathode and the plate. The grid is much closer to the cathode than is 
the plate; therefore, small changes in grid voltage have relatively great 
effect on the electron flow (plate current). If the grid is held negative 
with respect to the cathode, as in the circuit of Figure 3-3, then the nega- 
tive grid voltage will tend to repel the electrons which are emitted by the 
cathode and will thus reduce the plate current. Indeed, if the grid is 
sufficiently negative plate current will be cut off, entirely, 
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The ict that relatively small varias 
tions in grid voltage produce corres - 
ponding large variations in plate | 
7 an current permits use of the triode for 
4 amplification, oscillation, frequency’ 
conversion, modulation, demodula - . 
tion and other circuit functions, — 


Other Types of Electron Tubes 


Many types of electron tubes other. 
than the diode and the triode are. ~ 
used regularly in our business. The 
aenee 3- 3, Triode Amplifier - tetrode was developed to provide © 


Actual Connection oo ; greater stability in amplifiers. The 
| __- pentode was designed to provide a 

flatter characteristic than than of the tetrode. Beam power tubes, remote | 
cutoff tubes, and special high- -frequency tubes are used to fit different | 
circuit requirements. Tubes are made in widely variant sizes and shapes 
in order to achieve particular characteristics. Gas -filled tubes, photo- 
sensitive tubes, cathode ray tubes, camera tubes, electron multipliers, 
_ velocity -modulated tubes and kinescopes are all special-service tube 
types which have become important in the communications industry. 
-Multi-Electrode Tubes | 
There are many designs of vacuum tubes containing more electrodes than | 
the tubes we have been considering. Most widely used of these are four. 
electrode tubes or tetrodes and five electrode tubes or pentodes, The . 
basic theory of operation of such tubes is essentially the same as that of 
the triode. The additional electrodes act to improve the operating charac-~ 
teristics with respect to the amount of amplification to be obtained and | 
may have other desirable effects. : : 


At relatively low Frequcnves, the amplification factor of 'a triode can be 
made to have almost any desired value by properly spacing and propor- 
tioning the three electrodes; Whén tubes are used with high frequencies 
such as are encountered in radio and other high-frequency systems, the | 


- effect on inter-electrode capacitance becomes increasingly important. — 


This is particularly true of the capacitance between the plate and control 
grid, where its-coupling effect may be especially troublesome because it 
provides a path between the input and output of the tube through which out- 
put energy may feed back.into the input circuit. This plate- control grid _ 
capacitance effect can be practically. eliminated by placing a shielding | 

grid between the control grid and the plate as illustrated in Figure 3-4,: 
This grid is known as a screen grid, and the four-electrode tube is then 
known as a screen grid tetrode. | | _ 
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As the plate is shielded by the screen peer from the other electrodes, it 
(piate) has litle effect in withdrawing electrons from the space charge 
area about the cathode. This function is taken over by the screen grid 
which is given a positive potential for this purpose. The flow of electrons 
from the cathode, and their control by the control grid, is practically the 
same as discussed in the case of the three-electrode tube, but in the screen 
grid tube, the screen grid itself may be considered as acting in somewhat 
the same manner as did the plate of the three -electrode tube. However, 
the electrons constituting the space current, On arpiving in the area of the 
screen grid have acquired sucha velocity that most of them pass through 
the openings in the screen grid and, attracted by the still higher positive 
voltage of the plate, continue on to the plate. A small portion of the elec- 
trons is, of course, intercepted by the screen grid and does not reach the 
plate. This is illustrated by the plate voltage vs. plate and screen grid 
current curves in Figure 3-5 for a representative screen-grid tetrode. 


In the normal working range of the tube, where the characteristic curve is 
relatively flat, it will be noted that the plate current change is quite small 
for a considerable change in plate voltage, | | 


eee means that the output resistance of the tube is very high as compared 

the triode. Due to the presence of the screen grid, the variation of plate 
a siesee has relatively little effect on the plate current, but the control grid 
retains the same control of plate current as in the triode. The amplifica- 
tion factor is accordingly much nigne®: 


it will be noted, however, that at plate voltages close to or less than the 
fixed screen grid voltage, the characteristic curves show a pronounced 
drop in the plate current. This is due in part to the fact that the screen 
under these conditions is drawing an excessive part of. the cathode current 
necause of its relatively high positive potential, More important is the 
fact that it is now attracting electrons emitted by the plate as a result of 
secondary emission, This emission is. caused by the high-speed electrons 
striking the plate with such force as to knock some of the outer electrons 
out of the plate material. Under normal operating conditions these secon- 
dary electrons will as back into the plate due to the influence of its 
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Figure 3-5 Characteristics of Figure 3-7 Characteristics of . 
Four -Electrode Tube a Ba -Electrode Tube | 
positive perenne but if the screen potential is as high or higher than the 
plate potential, some of them will be attracted to the screen, thus effec- 
tively reducing the total flow to the plate and increasing the screen-cathode 
current. Obviously, operation of the tube in this region would result in. 
marked distortion of the input signal. Generally, therefore, screen grid 
tubes must be operated with a plate supply voltage sufficiently high so that 
the maximum negative swing resulting from the control grid input signal 
will not reduce the instantaneous plate potential to a value approaching 
that of the screen. | 


While there is aigads some secondary emission of electrons from the 
plate of a tube, its effect on the tube's operating characteristics can be 
practically eliminated by introducing another grid between the plate and 
the screen grid, as shown in Figure 3-6. This grid, which is maintained 
at a potential negative with respect to the plate, is calleda ‘suppressor | 
grid'' and the tube then becomes a suppressor - -grid pentode.. The 
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suppressor grid is usually connected directly to the cathode, often inside 
the tube. Its field repels the secondary electrons emitted from the plate, 
forcing them back to the plate. Figure 3-7 shows characteristic curves 
for a tube of this type. It will be noted that like the screen grid tetrode, 
both the amplification factor and output resistance ane high. 


There are many other possible designs of multi- electrode tubes, some 
practical types pf which contain as many as eight electrodes. It is cus- 
comary also to employ multi-unit tubes in which two. er more independent 
electronic circuits are included in a single envelope. The structure of 
such tubes is indicated by their designations such, for a a as duplex- 
ciorce-triode, twin - i dienes etc. 


3,3 SEMI- “CONDUCTORS _ 


{> eneral 

OH ‘the s semi- -conducting materials currently in general use in electrical 
commynications practice the metallic element, germanium, has perhaps 
been most thoroughly studied. Techniques have been developed for re- 
“ning it to an almost incredible degree of purity and for processing it in 
the form of single crystals which can be treated or "doped" with impyprity 
substances in any desired proportion, Unless specifically stated other- 
wise, the following discussion will be confined to this material. The 
principles developed will apply in general to all other semi-conductors, 
although their epeciG characteristics may of course differ. 


Germanium is a metal which in ordinary electrical practice would be con- 
sidered a very poor conductor. At room temperatures, typical ''n-type'' 
germanium, such as might be used in a transistor, contains one. free 
electron for about 10° atoms as compared with one free electron for each 
atom in a good conductor such as copper. Even B04 a cubic centimeter of 
this material includes something in the order of 1014 free electrons so 
that it is certainly nof a good insulator. To understand its capabilities 
and limitations as a conductor, itis necessary to examine the germanium 
atoms and their structural arrangement in detail. 


Chemically, germanium has atomic number 32 and valence 4. This means, 
in terms of modern atomic theory, that the atom nucleus is surrounded by 
four shells of orbital electrons gontaining 2, 8, 18, and 4 electrons. The 
first three shelis are completely filled and so firmly bound to the nucleus 
that they can play no part in any practical conduction process. The outer- 
most shell, with its four valence electrons, is much less than half filled. 
Considering an individual atom alone, theory would predict that one or 
more of these four electrons might be readily broken away by thermal 
agitation or other relatively smal] forces, In the structure of german-. 
ium, however, the ancivadual atoms are associated with each other ina 
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crystalline lattice arrangement such that there is a definite bond between 
each atom and four immediately adjacent atoms. The structure is of ~ — 
course thrée-dimensional but the principle may be represented by the 
two-dimensional drawing of Figure 3-8. Two valence electrons - one 
from each atom - act together to form each bond, as represented by the 
two connecting lines between the atoms. In this configuration, the 
valence electrons are held in place much more strongly than they are by | 
the attraction of the atom nucleus alone. In germanium, it requires 
some fourteen times as much energy to free an electron from a. valence 
bond as it would to detach it from an isolated atom. | 


) Atom Core Re Seat hee 
- — Free Electron - 
Electron Valence Bonds 


Negative Charge Carrier 


Figure 3-8 Valence Bond | Figure 3- 9 N- -Type ; 
Structure of Germanium | _ Germanium Structure 


Nevertheless, some electrons are knocked out of their valence bonds by 
thermal agitation at normal room temperatures. These electrons are 
free to act as ''charge carriers'' and the electrical conductivity of the 
germanium depends upon their number. At higher temperatures, more 
electrons are broken from valence bonds and the conductivity of the 
semi-conductor increases proportionately. This relationship of conduc- 
tivity to temperature readily accounts for the negative temperature- 
resistance characteristics of the semi-conductor devices known as ther- 
mistors, which are widely used in telephone work for automatic 


transmission regulation and other purposes. 


Thermal agitation at normal temperatures does not provide enough charge 
carriers to make pure germanium capable of satisfactory transistor action. 
It is necessary for this purpose to modify the semi-conducting material so 
as to increase the number of carriers in roughly controllable amounts. 
This is done in two ways. In the first, pure germanium is ''doped'' with a 
small amount of an element with valence 5, such as arsenic (atomic num- 
ber 33). Each arsenic atom will enter into the lattice structure in the 
manner indicated in Figure 3-9, Four of its outer-shell electrons join in 
valence bonds with four neighboring germanium atoms. | The fifth valence 
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electron is still associated with the arsenic atom but.is quite easily dis - 
lodged. The net effect is to increase the number of free electrons in the 
material in proportion to the relative amount of arsenic added, In prac- 
tical applications, this ratio is in the order of one impurity (arsenic) 
atom to 10 million germanium atoms. The semi-conducting material is 
now called n-type germanium because it contains a more than normal 
number of mobile negative ehanges. 3 


Another way to increase the number of carriers is to dope the germanium 
with an element having valence 3, such as gallium (atomic number 31). 
As iliustrated in Figure 3-10, the gallium atom also takes a position in. 
the lattice structure, But ae outer shell provides enough electrons to 
= enter into valence bonds with only 
three of the germanium atoms, 
leaving one bond incomplete, The 
missing electron in the valence bond 
aie may be considered as a hole in the 
Positive Charge Carrier, structure, which has an effective | 
| , positive charge exactly equal but op- 
posite to that of an electron, The 
hole may be filled by an electron © 
| | | which has been dislodged from another 
Figure 3-10 P-Type nearby valence bond by thermal agi- 
Germanium Structure tation or other means. This process 
| leaves a hole in the other bond so that 
the hole may be considered as having 
moved fron one point to another in the material. Thus, in net effect, the 
material now contains a substantial number of effective positive charges 
that are relatively free to move about in much the same way as free elec- 
trons may do. Sucha material is called p-type because its mobile charge 
carriers ane positive. 


ae 


At first approach, the concept of holes as positive charge carriers may be 
regarded as a somewhat fanciful way of describing the transition of elec- 
trons from one valence bond to another, Actually, the electron in a valence 
bond is in a different ''quantum state'' than a valence electron in its ordi- 
nary position in the outer atomic shell of an isolated atom. In order to 
satisfactorily explain various observed conduction phenomena, it is not 
only convenient but necessary to treat the hole left by the ejection of an 
electron from a valence bond as if it were a real particle having mass, 
positive charge, energy, and velocity. This concept is reinforced by 

the observed fact that the mobility of positive and negative carriers is 
different, In germanium, electrons move, under a given electric poten - 
tial, at somewhat more than twice the speed of holes (about 2000 cm per 
sec per volt per cm for electrons: about 1700 for holes). 
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Whenever an electron escapes from the valence shell of an atom, the 
atom is left with a net positive charge. Such atoms are called donors _ 
and are present in relatively large numbers in n-type material. Simi- | 
larly, when a hole escapes from a trivalent atom, the atom has anet 
negative charge because an extra electron has been added. These atoms, 7 
called acceptors, are common in p-type material. Both donors and 
acceptors are therefore ions (i.e., electrically charged atoms), but they _ 
are locked in position in the lattice structure of the material and can play 
no direct part in any conduction process, The conducting ability of the 
semi-conductor is thus due solely to the presence of free electrons and 
free holes, and is proportional to the sum of all such carriers - both 
positive and negative. In pure, or intrinsic, germanium at normal tem-— 
peratures, the number of free electrons is equal to the number of holes 
because whenever an electron is released from a valence bond by thermal 
agitation, a hole is simultaneously created. Holes and electrons will of 
course be’continuously neutralizing each other through new recombina- 
tions but a like number will. be escaping from other valence bonds at the 
same time so that the net conductivity remains constant under static con-. 
ditions. In n-type germanium, there are many more free electrons than 
holes. These are then designated the ''majority carriers" but there will 
always be some holes present, too, as 'minority carriers''. The oppo- 
site situation prevails in p-type material, with holes now taking the role 
of majority carriers. Finally, it may be noted that the intrinsic material 
(pure germanium) will display certain n-type characteristics because, 
even though the number of holes and electrons is the same, the mobility 
of the electrons is appreciably greater than that of the holes. 


Semi-Conductor Jumetions | 
On the basis of the theory outlines nous: it should not be surprising that 
a junction of semi-conducting materials of opposite types can constitute 
an excellent rectifier. When a battery, poled as indicated in Figure 3-11, 
is connected across such a junction, holes will be pulled out of the p-type 
material toward the right and electrons will be pulled out of the n-type 


® Donor Atom 
© Acceptor Atom 
— Electron 

+ Hole 


Figure 3-11 P-N Junction - Reverse Figure 3-12 Potential Barrier 
| Connection | | at P-N Junction | 
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material toward the left. There can then be no current flow, except that 
due to such relatively few minority carriers as may be present (holes in 
the n-type material, electrons in the p-type). When the applied voltage 

is in this reverse direction, there are practically no carriers at the © 
junction which thus becomes an effective insulator. It is of interest to 
note, however, that the immobile donor and acceptor. atoms remain, each — 
of which has its own charge as illustrated in the drawing. Very high 

static electric fields may therefore exist, resulting in potential differences 
of considerable magnitude across the junction. 


if the polarity of the battery is reversed, on the other hand, the forward 
direction of the applied voltage causes both holes and electrons to move 
toward the junction, Here they neutralize each other. The net result is 

a tree flow of electrons in the external circuit which is limited only by the 
numbexs of carriers in the semi-conducting materials. Depending on this 
factor and the physical size of the junction itself, n-p junction devices may 
be designed to transmit quite high currents in the forward Girection and to 
give very high rectification ratios. 


Om eae basis of the theory outlined above, it might be reasonable to assume 
that, in the absence of an external applied voltage, the electrons of the 
Retype material and the holes of the p-type material would gradually dif- 
fuse across the junction until the difference between the two semi-conductor 
types was entirely destroyed. As a maiter of fact, this does not happen. 
When the junction is formed, it may be assumed that such diffusion of 
carriers across the junction starts. The carriers of opposite sign cancel 
each other out as they cross the junction, leaving on each side a layer of 
immobile charged atoms, as indicated in Figure 3-12. The electric fields 
set up by these fixed charges prevent further diffusion of the mobile 
carriers toward the junction. In other words, a potential barrier is auto- 
matically established across the junction between the two types of semi- 
conducting material, allowing each to maintain its own special 
characteristics. In the typical p-n junction, the magnitude of this 


potential barrier is in the order of tenths of a voit. 


— \ 
The Junction Transistor 


The interesting behavior of the semi-conductor junction can be taken ad- 
vantage of to produce another important electrical phenomenon known as 
the transistor effect. The device pictured in Figure 3-13 is a single 
crystal of germanium which has been doped in. such a way as to consist 
ef two blocks of n-type material separated by a thin slab of p-type semi- 
conductor. It thus includes two p-n junctions. Separate electrical con- 
nections may be made to the p-type section and to each of the n-type 
sections, as shown in the Figure. Now if we consider only the left junc- 
tion (i,e., with the.circuit opened at E.,) it will be noted that the battery 
Ee is poled in the forward direction to ‘permit the ready flow of a sub- 
stantial currentI,. Electrons move freely from the left n-material 
across the n-p junction. into the pematerial, and holes from the latter 
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into the former. Considering only the right junction, on the other hand, 
the battery E, is poled in the reverse direction so that practically no 
current can flow across the p-n junction. | oY 


When both hes eeeisc ate are closed, an entirely new effect appears. 
Under the influence of Ee, electrons from the left n-section move freely 
into the p-section as before. Here a few of them may be neutralized by 
holes. But if the p-section is made thin enough, most of the electrons | 
will diffuse right across the p-section and be caught up by the field in the 
right n-section produced by battery E,. The result is a current 1, flow- 
ing in the circuit through E,, and practically no current flowing in the 
external connection to the p-type section. I, may be almost, but never 
quite, equal in value toI,. The ratio of I, toI,, which is usually desig- 
nated by the Greek letter,& , ranges between .95 and .99 in typical © 
junction transistors, The energy that drives I, comes from Eg, and E, 
but the value of I, is determined solely by Ie. This is the transistor. 
effect, and its similarity to voltage phenomena in the three-electrode 
electron tube immediately suggests amplification possibilities. 
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Figure 3-13 N-P-N Junction Figure 3-14 Collector Charac- 
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Figure 3-15 Common Base Amplifier Circuit 
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In discussing the transistor further, it will be convenient to make use of 
certain nomenclature which has become standardized for historical rea- 
sons that will appear later. In the device of Figure 3-13, the n-type 
section at the left is called the emitter, the p-type section is the base, 
and the right n-section is the collector. The conventional schematic re- 
presentation is shown at the right. Here, the emitter may be identified 
by the arrow head, which is pointed in the direction of conventional 
current flow - i.e., opposite to the direction of electron flow. It should 
aiso be noted that the arrows indicating the direction of current flow in 
the emitter and collector circuits of Figure 3-13 are also pointed in the 
conventional direction for current flow. This practice is followed through- 
out this text although in much of the earlier literature it has been the _ 
practice to point all such arrows toward the transistor elements regard- 
less of the actual direction of current flow. 


The amplifying capability of the transistor depends upon the fact, empha- 
sized above, that the value of the collector current, I,, is determined by 
the value of I,. As long as the positive biasing voltage applied to the 
collector is large enough to maintain a positive field in the collector, 
nearly all of the electrons coming from the emitter will move into the 
collector and the current I, will maintain a constant value slightly less 
thanI,. This is illustrated by Figure 3-14 which gives the collector 
characteristic curves of a typical n-p-n junction transistor for several 
values of Ig. Note that the collector voltage V. indicated here is the 
potential applied to the collector and is not necessarily the same as the 
voltage of the biasing battery, Ec. A large load resistance may be in- 
serted in the collector circuit without affecting the current value, even 
though the IR drop across the resistance approaches quite closely to the 
value of E,. This means that, with an appropriate value of E,, a small 
varying signal voltage introduced in the emitter circuit, as indicated in 
Figure 3-15, will produce corresponding voltage variations across the 
load of much greater magnitude. Very substantial voltage and power 
gains are thus readily attainable. 


Junction transistors are also made with a p-n-p arrangement. Their 
characteristics are generally similar to those of the n-p-n transistor 
and the above discussion may be employed to explain their behavior b 
simply reversing the direction of current flow and the polarities of the 
‘biasing batteries, and substituting holes for electrons as the majority 
current carriers. It should be noted that the emitter current of the | 
p-n-p transistor will also flow in the opposite direction and this will be 
indicated in the conventional diagram by pointing the emitter arrow head 
toward the base instead of away from it as in the n-p-n case. 


Whichever type of transistor is being dealt with, it is imperative to keep 


in mind that the emitter must always be biased in the forward direction 
and the collector in the reverse direction. Application of biasing 
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potentials not poled in accordance with this basic principle may destroy oe 
the prams lstOes , 


Electron Tube - Transistor Analo - | : 
Succeeding sections discuss circuit applications using electron tubes; St 
however, companion transistor circuits can be visualized by drawing 
avery rough analogy between the electron tube and the transistor. In 

the analogy, grid, cathode and plate of the tube are replaced by base, — 
emitter and collector of the transistor respectively. Grounded-grid, 
grounded-cathode, and grounded-plate circuit configurations become 
grounded-base, grounded- -emitter and grounded eohector as ) shown in 7 
ee 3- 16. | | 
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Figure 3-16 - Electron Tube-Transistor Anology 7 
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me? 4 AMPLIFICATION 

The Triode ‘Am lifier —o nce ae oe | | 
The triode as. a "clpouit- sean ae theew feaportant charictenateas. ‘the = 
amplification factor; the plate resistance and the mutual conductance. a 


The amplification factor can be shown ta be numerically equal: to ‘fhe .. 
product of the Plate Tesistange. and the yautual. conductance, Pe ee 


| | ‘The amplification factor’ expresses he effectiveness’ og the aa as. a as hd “i 
> trol. agent, compared. to the effectiveness of the. plate, . ‘Amplification Aaa "s 


_ tor is the ratio between.a small ‘plate voltage change and a.grid voltage: 


_ change which would produce. an effect on the plate. current. of equal magni 7 
tude. The signs are. opposite, for the: grid. must ‘restore the change made 
by. the plate. if E plate cunrent. is to remain. a unchanged bettie the: PRERERTE _ es 


"Amplification 2 Factor a eis ee 


‘and de = small change in plate voltage 


oe 8 : ne se eng 
oe ee OO ee igs bey 

| The plate Pealataseas or more ‘peeper}: the dynarnis: liu Sasietanee: of, a | 

“ tube is: somewhat analogous. to the internal. resistance. of.a generator... It 


is defined.as the ratio between a small plate voltage change and the SORE es 
: ponding. Blate | Sea rant change (with. — voltage: aces coal oo 


ee | : 


oe cceane dt | = mall change Serpe carrey : ' o oo 


7 Figuze: 3-17 ahows : a . plot. af triode ieee” chavacteriatic’ curves dna’ deninny. 
strates. the graphical method to. find | dynamic: plate’ resistance for a. certain - 
. operating point. on one ef the. curves, It will be seen that the plate resis- 
7 _ Mapee a is the daiveree: a atone af the plate: characteriatic: curve tae uc operating. ; 
a oe ee ee ce ae ee a eee 
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| Figure 3-17 Triode Plate Characteristics 


The Pitan: conductance. of. a-triode is the ratio ofa small change in plate 
current to the small change in grid voltage which produces it, plate 
voltage remaining constant. a 
_ 4 | di 
‘Mutual Conductance, g = =p wheree is constant 
om de Pp 
g 


Figure 3-18 shows a plot: ‘of, iioae grid characteristic curves and demon- 
strates the graphical method to find mutual conductance for a.certain oper- 
ating: point on one of the curves. It will be seen that the mutual’ conductance - 
is the. slope of the grid characteristic curve at the operating point. agi | 


Figure 3-3 shows the acest connection a a eigde: ser need R; is the . 
plate load resistor and. eL is the voltage across the load. E,, is the plate 
battery voltage and E, is the grid battery voltage. Figure QP -19 shows a 
simple equivalent circuit from which the performance of the amplifier is 

| readily computed. From the equivalent circuits ical 3-19 it can be 
geen that. the pratee current is: 


a a 
aes Goce ie Ge, sees 
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and the useful amplification, L is: 
7 e. 


AAR, 


Amplific ation = 


(x +R) 
Pp . L,. 


ey y ‘ ; 
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Figure 3-19 Triode Amplifier - 


Figure 3-18 Triode Grid 
Equivalent Cirquit | 


Chavectem stics 


Multi - stag e Amplifiers - Couplin 
To obtain large power output fcc, a small voltage source, it is necessary 


to use several stages of amplification with the eve of one stage feeding 
the input of the next. Transformer coupling is‘sometimes used-in multi- 
stage audio amplifiers. The transformer provides a simple method to: | 
isolate the dc plate voltage from the grid of the following tube.. The. 
alternating (signal) voltage on the plate is reproduced in the secondary 
transformer winding and the voltage may be stepped up by providing more 
turns on the secondary than on the primary winding. The transformer 
may also be designed to match a low-impedance load toa high-impedance 
source. Figure 3-20 shows two stages of an ata with ee 


coupling. 
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Resistance-capacitance 
coupling is another wide- 
ly used method to connect 
amplifier stages. Resist- 
/ ance-capacitance coupling 
Output - amplifiers are relatively 


‘Output 


{Input ) Interstage 


eI: nenpeiet nastontes cheap and have good 
| fidelity over comparative - 
A ly wide frequency ranges. | 
Figure 3-20 Transformer -  , Figure 3-21 shows an RC-._. 
Coupled Amplifier coupled triode amplifier 


and gives the names of 
the circuit elements, 


Rl Grid-Leak Resistor 
—6hC4 [ : R2 Cathode Bias Resistor 
2 | J R3 Plate Load Resistor 
7 , R4 Plate Decoupling Re- 
| Chie sistor | 
oe Ra ig - RS R5 Second stage Grid Re- 
| | sistor 
| Cl Input Coupling Cansei 
—s : | . tor 
a C2 Cathode Bypass Capaci- 
, : ve tor — 
Figure 3-21 RC-Goupled | C3 Plate Supply Bypase 
Amplifier Capacitor 
| C4 Output Coupling Capaci- 
tor 


Impedance. coupling is obtained -by replacing the load resistor of an RC- 
coupled amplifier with an. inductance. See Figure 3-22. An impedance- 
coupled‘amplifier can be designed to give fairly uniform frequency response 
over a limited frequency range. In such case the amplification is greater 
than. fora similar RC- coupled amplifier. 


Ina dincet-cousied amplifier; the plate of one tube is connected dixectiy to 
the grid of the next tube. With direct coupling, it is necessary to provide 

separate power supplies:'for each stage or to use a special voltage-divider. 

Figure 3-14 shows direct ne with a voltage divider network. 


Band. ‘Width Re uirements | j 
An important aha cacteeiatic ofan amplifier is its band width, In general, 
_ the greater the band width the less the gain which may be obtained. 
Single-frequency amplifiers are used to amplify carriers or elena ine 
tones.. Audio amplifiers may have band width requirements of 5, 000 to 
15, 000:cycles. Video amplifiers must have band width of seveeal mega- 
cycles... | | | | 
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Figure 3-22 Impedance- 7 Figure 3-23 Direct- 
Coupled Amplifier | Coupled Amplifier 


ciass A, B, C, Amplifiers © -  # 

Senolifiers are’classed according to the method of operation. The dc grid 
pias and the input signal of an ascillator may be adjusted so that plate 
current flows at all times qr so that plate current flows only during part 
of each cycle of the signal, a | 


A Class A amplifier is one in which plate current flows at all times. 


& Glass B amplifier is one in which grid bias is adjusted so that plate © 
current is approximately zero in the absence of a signal and plate current 
ilows for approximately one-half of each cycle when a signal is applied. 


A. Glass C amplifier is one in which the grid is adjusted appreciably be- 
yond the cutoff yalue, so that plate current flows for appreciably less than 
half of each cycle when a signal is applied, 


Class A amplifier give faithful reproduction of the input signal and are 
widely used for audio amplification and modulated carrier amplification. 
Class B amplifiers when used for atidio amplification must be used in 
push-pull. Class C amplifiers can be used only for unmodulated rf waves. 


3,5 TRANSFORMER COUPLED AMPLIFIERS 


The transfarmer coupled amplifier has limitations with respect to the fre-~- 
quency bandwidth that it can handle ona '''flat'' basis. This is due to the | 
inductance of the transformer windings, and to their effective shunt capaci- 
tance. At frequencies below about 100 cycles per second, the inductive 

veactance of the primary winding of the inter-stage transformer is low 

enough in value so that the output resistance of the tube is not negligible 
in Comparison with it. This results in a relative decrease in the voltage 


ce ke 
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across the primary winding, and 
a consequent reduction in ampli- 
fication. At frequencies above 
4,000 cycles, the shunt capaci- 
tance becomes increasingly 
important. Since capacitive 
7 joo 00 Tr eT a reactance is inversely propor- 
Frequency Cycles ee Se : tional to frequency, the complex 
Sk impedance of the transformer 
input becomes lower at the high- 


Figure 3-24 Gain-Frequency | | er frequencies, with a conse-- 
Characteristic of Audio | quent lower voltage across the 
Amplifier . _ primary winding. There is 


also a tendency to develop a 
resonance effect between the shunt capacitance and the inductance, which 
may produce a definite hump in the frequency-gain curve near the higher | 
frequency end. Well constructed amplifiers of this type, however, have 
a reasonably flat frequency response over a range from a little above 100 
to =) uaa | 5, 000 cycles, This is illustrated by the curve of Figure 
3-24, | | | 


3.6 RESISTANCE-CAPACITANCE COUPLED AMPLIFIERS 


Where flat frequency response over a greater range than four or five 
thousand cycles is required, resistance- -capacitance coupling is commonly 
employed. An amplifier circuit of this type is shown schematically in 
Figure 3-25, Here, the a-c input is through the input capacitor C; toa 
grid resistance R,, the drop across which is applied to the grid of the _ 
first tube. Grid bias is provided by the drop across the cathode resistor 
R,;,,; through which the d-c. component of the plate current flows, The a-c 
component of the plate current is by-passed by the capacitor C;, so that 
it has no effect on the grid. The alternating voltage drop across the re- 
-sistor R, is coupled to the input of the second tube by the capacitor C,, 
which also prevents the plate battery voltage E,, from Epeme Hae eee ces on 
_ the grid of the second tube. | 


An equivalent circuit for one stage of the R-C amplifier is shown in 
Figure 3-26. Here two shunting capacitors are indicated, which did not 
appear in Figure 3-27. : 


Cout represents the inter - electrode capacitance of the first tube - Gacay | 
the plate to cathode capacitance, C. x ~ together with such shunt capacitan- 
ces as may be introduced by the circuit wiring. Cj, represents a compara- 
ble capacitance C,; at the input of the second tube. In a mid-frequency 
range - from about 100 to somewhat more than 10, 000 cycles - the effect 

of the inter-electrode capacitances of the tubes is so small that the shunt- 
ing capacitors Co, and Cj, may be neglected. In this same frequency 
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aT 


range, the coupling capacitor C, may be considered as an a~c short- 
circuit pecause its reactance is “negligible. The equivalent circuit then 
LE UE es 3 to the parallel combination of resistors Ry, and R, across ths 


tube ourput, as indicated in Figure 3-27, In the low frequéncy range, 
nad {below 100 cycles). the coupling capacitor C. can no longer be 
ignorean. Its reactance now becomes great enough that the voltage aACTOSS 
Rr, ie divided between Go and R, with an increasing amount appearing 
acvoss Gg, and a decreasing amount appearing across R The input to 
the second tubei is accordingly 
decreased, and the gain of che 
amplifier falls off. In the high . 
frequency range (above 10, 000 
cycles), on the other hand, the 
effect of the coupling capacitor 
CG. again becomes negligible, 
' but the net reactance of the 
_ shunting capacitors, Coy; and 
Figure 3-25 Resistance~Capacitance Cj,, then becomes small enough 
Coupled Amplifier to cause the output voltage to 
fall-off. 


. will be clear that the bandwidth of : reas onably flat frequency response 
{ the R-C coupled amplifier depends mainly upon the values of C,, Ry, 
oa Mg, and the values of the tube inter-electrode capacitances. Ampli- 
fiers with a flat response over a range of 50 to some 15,000 cycles may 
pe B eadily designed without employing extraordinary methods, Where 
rogcder response is required, rather extreme capacitance and ¥@sistance 
ie may be required for some of the elements of the interstage coupling 
networks, Inductors and additional capacitors may also be added to the 


Pc Aaa UtentcaninP neuen tinea pease satan Ge : 
: t j | : 
> ty { C C { 
e § 


2 7 Cae SR Re AR Cig Eg 
8, pL Gey | ! 4 
we Po ff on 3 
Figure 3-26 Equivalent Circuit | Pigure 3-27 
of Single Stage of R-G Coupled (C : 
Aroplifier a 
network in various connections that will help to extend the transmitted 
band to both lower and higher frequencies. Tubes specially designed to 
have minimum grid to plate capacitance (or maximum transconductance} 
may also be necessary. Such tubes will ordinarily be pentodes or tetrodes 


which have much lower grid-plate capacitance than triodes and much 
nigher transconductance and plate resistance. 
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The more elaborate iewetaee networks employed in broad-band ampli- 


fiers naturally tend to reduce the gain that can be obtained in each stage = 
and thus may require the use of more stages for a given overall aenphe? i 


cation. The range of uniform frequency response can be extended through 


several million cycles, however, with types of tubes now available and 
proper design of the coupling networks. In communications work, perhaps 
the most severe practical requirement occurs in the case of the so-called 
'video'' amplifier, which, ideally, should give a flat response over the 
total range from zero to about four million cycles. 


3.7 RADIO-FREQUENCY AMPLIFIERS 


Voltage amplifiers for most of the applications in radio circuits, such as, 
radio receivers and the low-power stages of radio transmitters, do not 
have to meet as severe requirements with respect to frequency response. 
as do audio or video amplifiers. This is because the typical radio cir- 
cuit is designed in theory to handle only the single frequency to which it 

is tuned. Actually, of course, the tuning is not so sharp that it does not 
permit the passage of a band of frequencies extending far enough on both 
sides of the tuned frequency to carry the complete communication signal. 
Coupling between the stages of radio amplifiers is commonly accomplished 
by means of single air-corne transformers. As indicated in Figure 3-28, 
one or both windings of the coupling transformer are tuned with a parallel- 
ing capacitor to the signal frequency. Where both primary and secondary 


‘are so tuned, a good band of frequency response with sharp cutoff at each 


¢ 


end is readily obtained. The transformer itself need have little or no 
voltage gain because tubes with high amplification factors are used. 


Figure 3-28 Radio Amplifier(Circuit 
3.8 NEGATIVE-FEEDBACK AMPLIFIERS 


For a great majority of amplifier applications in telephone work, it is 
important not only that the output signal be a faithful reproduction of the 
input signal, but also that maximum stability of amplifier operation be 
secured. Both of these objectives can be met to a very large degree by : 
feeding back some of the amplifier output to the input circuit in an in- 
verse phase relationship. An amplifier so connected is called a DSeer 
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feedback or degenerative amplifier. Its principle may be understood by 
referring to Figure 3-29. In this Figure, (A) indicates an amplifier with- 
out feedback,. having an overall voltage amplification or gain of A. In 
Figure 3-29 (B), a part of the output voltage is returned to the input, 180° 
out of phase with the input voltage, through a feedback circuit having a 
loss Dp. Without feedback Figure 3-29 (2) we have - 


Bo = AE, = = AE, (3:1), 
In Figure 3-29 (B), on the other hand, the actual input voltage E, of the 


amplifier unit is no longer equal to Ej, but to the sum of this voltage and 
the feedback voltage E_. That is - 


O 
ig ee or (3:2) 
“he output voliage therefore is - | 


Ey = AE gy = A(E; + p E,) 
Solution of this equation for the overall voltage gain, Eo/Ei: gives - 


E9=__A C323) 
Since the feedback is inverse (negative), the value of PA is negative and 
the denominator of equation (3:3) is greater than unity. Negative feedback 
accordingly always reduces the net gain, but the reduction can be compen- 
sated by the use of an amplifier having as high gain A as may be required 
to obtain the desired overall gain. When the product BA is much larger 
than unity, as is the case in most practical circuits, the overall amplifi- 
cation becomes effectively - 


Net Amplification = - 1 (324) 
p 


in other words, the effective gain of the circuit depends entirely upon the 
characteristics of the feedback circuit. This may perhaps be better under- 
stood by considering a numerical example. In the circuit of Figure 3-30, 
the gain A of the amplifier unit is 80 db (voltage ratio of input to output of 
i to 10, 000) and the loss in the feedback circuit is 60 db (voltage ratio of 
1,000 to 1).. From equations (3:2) and (3:3) - 


E,=E,( 1) i 3:5) 
© =F - 
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If the applied input voltage Ei is l mailer, the actual input voltage to 
the axnbray a8 unit is therefore - 


BB. = | q 


& YT -10,000 =T-(-10 =T1 
<1, 000 © ; 


=, 09091 millivolt 
The output voltage is - 


_ AEg = Ey = 10,000 x .09091 = 909.1 millivolts 
This output of 909.1 millivolts is also impressed on the feedback circuit 
which allows 1/1000 of it to be fed back to the amplifier input. In pas sing 
through the feedback circuit its phase is shifted until it is out of phase 
with the applied input of 1 millivolt, which gives it a minus sign. We then 
have - .9091 millivolt combining with the initial 1 millivolt to give the _ 
actual input voltage to the amplifier, which, therefore, is - 

(1,000 - .9091 = .0909 millivolt 
This checks the value of E, obtained above, which means that the amplifier 
is stable and as long as thé applied input of 1 millivolt is maintained, there . 
will be 909.1 millivolts in the output. The overall gain of the amplifier 
a these conditions is - — 


20 bias: ietgi ere = 20 log, 909.1 
ere voltage 10 7 | 
en | = 20 x 2.9586 = 59.17 db 
Amplifying | 
, | Circuit | 
a. Amplifier without Feedback A=80db Gain 


ET TS 


Eg= .09091 mv. 


_A=Gain AEg= 909.1 mv. 


Amplifying 


a 


Circuit 


Feedback 


Qa 


‘| Circuit 


= Loss 


; 8260 db Loss 
bh rte with Feedback | 


Figure 3-29 Principle of: 
Negative Feedback 


Figure 3-30 Example of. 
Negative Feedback Circuit 
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It will be noted that for all practical purposes this gain ig the same as 
the loss of the feedback circuit. | | 


If we had used an amplifier unit with a higher gain - say 100 db (voltage 
ratio of input to output of 1 to 100, 000) - and the same loss in the feed- 
back circuit, we might expect the output voltage to be much higher, but 
such is not the case. Using equation (3:5) again we find the actual input 
voltage now is - | : | | | 


EB. = 1 = 1 = .009901 millivolt 


& T-100,000 Tol 
— 71, 000 


The output voltage, Ej, accordingly is - 
100, 000 x .009901 = 990.1 millivolts _ 


and overall gain of the amplifier is - 


20 logig foeed = 20 x 2.9957 = 59.91 db 


which is again practically equal to the loss in the feedback circuit. This 
means that even if the gain A of the amplifier unit changes due to varia- 
tions in the battery supply, changing tube characteristics, etc., the 
overall gain remains the same for all practical purposes, 


Another important feature of:the negative feedback amplifier is its ability 
automatically to reduce to a negligible magnitude any noise or harmonic 
distortion developed within the amplifier itself. This is true because a 
part of this noise and distortion appearing in the output is fed back to the 
input through the feedback circuit where it re-enters the amplifier in such 
a phase relation that when it is amplified and again appears in the output, 
it is out of phase with the original noise and distortion, thereby reducing 
its effect. Feedback circuits may be designed with either voltage feed- 
back or current feedback. Figure 3-31 illustrates a simple voltage feed- 
back arrangement. Here the total resistance (Ry + Ro) .of the voltage 


io 


list 


Figure 3-31 Voltage | _ | Figure 3-32 Current 
Feedback Circuit = Feedback Circuit 
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divider is-made large enough so that its shunting effect on the load resis- 
tance Ry; is practically enn The magnitude of the feedback factor 


p is - TS 


RR, 


and the pera: gain when’ Ais large compared to unity is the reciprocal 
of this - | | 


Net gain = R] + Ry | _ ( 3:6 ) 


Ro 


The voltage fed back is 180° out of phase with the alternating input voltage 
because it repres ents a voltage drop in the plate circuit, and the plate 
‘current is in.phase with the ‘input voltage. 


The simplest type of Cine oue feedback arrangement may be obtained by © 
the use ‘of an unbypassed cathode resistor, as indicated in Figure 3-32. 
Here the alternating plate.current I. must flow through R, as well as 
through the load Rj. This causes P voltage drop across the cathode 
resistor equal to. Re cand : the net input Mee ‘applied to the grid is 
then - . 


This may be rewritten in terms of E as follows - 


Eg = Ej + — | 
) L 


since-E, is equal to - lL; the drop across the load resistance. ‘Compari- | 

son:of this equation with OF (3: ie) shows that Pp = Pact and when es A is s large 

‘compared to unity - — 

Net gain = Rj’ | | C 
Re 


3.9 THE CATHODE-FOLLOWER 


‘An‘interesting:example of:maximum application of negative feedback is 
displayed in-the so-called -cathode-follower circuit, shown in Figure 3-33. 
Here there is one hundred. percent current feedback through the cathode 
resistor, R;, - in other words, & is equal to unity. The output is taken 
across. the cathode resistor so that the input and output voltages are | 
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Figure 3-33 Cathode Follower Circuit _ 


necessarily in phase and the a-c cathode to ground voltage varies in the 
same cirection or ''follows" the applied grid to ground voltage. The net | 
voltage gain of the circuit is always less than unity because of the hundred 
percent negative feedback. It may be expressed as - | | 


Net gain = LU Rk 
R,, +R, (Ll +e) 


where & is the amplification factor of the tube and R, is its plate resistr 
ance. | — , HE 


As an amplifier, the cathode-follower circuit would appear useless since 
its voltage gain is less than one. However, it is still capable of delivering 
power to a load without requiring appreciable input power, and with ex- 
tremely faithful reproduction of the variations in the input voltage. The 
circuit is very stable and virtually independent of any variation in the tube 
characteristics, These factors make it useful as a stabilizing coupling © 
circuit between an amplifier and a load. More important is the fact that 
while the input impedance of the circuit is high, its output impedance is 
very low for an amplifier, This output impedance consists of R, in 
parallel with an effective plate resistance equal to R_/(1 +). Since the 
value of Rp/(1 +) is less than 1,000 ohms for most tubes, the value of . 
the net output impedance must be still less. As an impedance-matching 
deyice accordingly, the cathode-follower circuit is useful for such pur-. 
poses as coupling the relatively high impedance output of a video ampli- 
fier to the low impedance of a coaxial line. a | “2 


3.10 POWER AMPLIFIERS 


The classification of amplifier circuits as between voltage amplifiers and 
power amplifiers is not very definite. Actually, the term ''power ampli-_ 
fier'' is somewhat misleading because it is perfectly possible for an © 

amplifier to deliver a substantial power output without appreciable power | 
input. The power classification is applied generally in practice to situa- _ 
tions where the delivery of a desired amount of power is the controlling © 
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criterion, and voltage gain, if any, is of secondary importance. Thus, 
an amplifier used to drive a.load such as a loudspeaker or other device 
requiring considerable power for its operation, is ordinarily classed as 
a.power. amplifier. So is the amplifier that must supply many kilowatts 
of power to drive the antenna of a radio transmitter. 


The, power that a vacuum tube amplifier can develop of course depends 
generally on the maximum value of current that may flow in its plate 
circuit. In most audio amplifier pep arr one? this value is limited BY 


Tube A | 


Tube B. 


Figure : 3. 34 ee Pull Aailities: 


the fact that the tube eee oneacte on the straight line portion of its 
characteristic curve in order that its output be a faithful reproduction of. 
the input signal. The maximum power that can be delivered, therefore, 
depends. upon the size and characteristics of the tube or tubes used. 
Where. the power requirement is a matter of a very few watts, as for. 
driving. the-speaker of an ordinary radio receiver, a single triode or 
pentode-. may be used, Such a'tube is not different in appearance from the. 
tubes; used in voltage. amplifying circuits, although its design characteris - 
tics: will generally. be. such that it will have a lesser amplification factor 
and. a, larger plate current. 


Push. Pull Am jlifier. 
Vhere-more power than a, Sapte tube can deliver is required, fogeties 
with: maximum: fidelity of signal reproduction, two tubes may be employed 
in. a.'"push-pull"' circuit, as shown in Figure 3-34, In this circuit, the 
two tubes, A and B, have identical characteristics. An alternating voltage 
applied at the, input, cd, impresses voltages of equal magnitude but oppo- 
site. polarity upon the control grids of tubes A.and B. As the control grid 
of. one tube becomes less negative (more positive), its plate current in-. 
creases; at the same time, the control grid of the other tube becomes 
equally: more negative, which decreases its plate current; and vice versa. 
Since the. plate. battery is connected to the midpoint, k, of the primary 
winding, mn, of the output transformer, the plate currents flow in oppo - 
site. directions in each half of the primary winding. When the two plate 
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currents are equal, therefore, there is no current in the secondary 
winding, op. On the other hand, a decreasing plate current in one half 
of the primary winding, and an increasing plate current in the other half, 
induce equal currents in the same direction in the secondary winding, op. 
The total output is thus obviously equal to the sum of the outputs of the 
two tubes. | 


As a matter of fact, the push-pull circuit will provide a power output 
appreciably greater than twice the output of an amplifier employing only 
one tube. This is due to the fact that the tubes of the push-pull amplifier 
may be given more control grid bias than a single tube without causing © 
distortion in the output. The characteristic curve of a triode is of such 
eine! de that its output, when working over a portion of the curve including | 

some curvature, consists principally of the fundamental or desired fre- 
quency, and its second harmonic (double the fundamental frequency). __ 
Such outputs are illustrated in Figure 3-35 (A) and (B) where it will be. 
noted that the net output of each tube, represented by the heavy lines, is. 
considerably distorted, It may also be noted, however, that the second 
harmonics in the outputs of both tubes become positive and negative at _ 
the same time, This means that the components of the current repre-. 
sented by these harmonics are always flowing in opposite directions in| 
the halves of the primary winding, mkn, and accordingly produce no ; 
effect in the secondary winding, O-P. In other words, the second har- 
monics cancel each other. The net result is indicated in Figure 3-25 (C), 
where the two output currents are shown to add to produce a sine wave, 
which is a faithful reproduction of the input signal. Because the push- 
pull amplifier can thus be operated over a greater range of its tubes' 
characteristic curves, its output may actually exceed by more than three 
times the equally distortionless output that could be obtained aor a sin- 
gle tube amplifier. : 


All of the amplifiers that have been considered thus far have operated on 
a high fidelity basis - i.e., so that the output signal presents a faithful 
reproduction of the input signal. In radio parlance, such operation is 
designated "Class A'', a term which indicates, in general, that the ampli- 
fier tubes are operating only on a straight line portion of their character- 
istic curves. All Class A amplifiers have comparatively low "plate | 
efficiency'' - that is, the ratio of their useful output power to the total 
power supplied to the plate circuit by the B battery cannot be greater than 
50% in theory, and is usually not much higher than 25% in practice. In. 
audjo amplifiers, where the output power is in any event not very great, 
this is not too important, In high-powered radio transmitters, on the 
other hand, where output power is measured in kilowatts, better effi- | 
ciency becomes economically significant, and leads to the use when | 
possible of ''Class B" and ''Class C'' operation. The grids of Class B 
amplifiers are biased to the cutoff point so that plate current flows only 
during one-half of the cycles of an applied alternating voltage. In Class C 
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operation, the grid is biased well beyond the cutoff point so that plate 
current flows during less than one-half of each cycle of applied grid 
voltage. The effective results are indicated in Figure 3-36 (A) and (B) 
respectively. It is evident that in both cases, the output wave form . 
presents a highly distorted version of the wave form of the input signal. 
However, plate current flows and draws power from the B supply only 
part of the time as contrasted with the continuous power drain in Class 
A.operation. The plate efficiency of these types of amplifiers is there-. 
fore higher, having a theoretical possible maximum of 78% in the case 
of Class B operation, and as much as 85% in Class C operation. 
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| Figure 3-35 Principle of Figure 3-36 Operating Character - 
_Push-Pull Amplifier istic of Class B and C 
- Amplifiers 
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Radio power amplifiers ordinarily work into a load impedance which in- 
cludes a parallel-tuned circuit, as indicated in Figure 3-37. This L-C. 
tank circuit, when tuned to the operating frequency, acts as a filter to 
suppress the many harmonics of the fundamental frequency that must 
Obviously be present in the plate circuit of a tube operating Class B or 

C. The current flowing in the load itself consequently represents only 
the fundamental input frequency. Its amplitude, however, cannot be 
expected to be linearly related to the input voltage. In Class B operation, 
distortion may be heid to reasonable proportions by operating two tubes | 
in a push-pull arrangement. In this case, one tube will provide an. | 
approximately true reproduction of the positive half of the input voltage 
waye, while the other tube furnishes a like reproduction of the negative 
half of the input wave. The net effect is illustrated graphically in Figure 
338, : 


Characieristic 
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Figure 3-37 R-F Power | - o. Figure 3-38 Graphical Repre- 
Amplifier _séniation of Class B Push- 


Pull Amplifier Operation 
3, Ll CARRIER AMPLIFIERS - 


The seyenal ies of carrier systems currently in use in telephone pracr 
tice employ frequency bands ranging from 4, 000 cycles up to as high as 
several million cycles. The amplifiers used in these systems must be 
designed to handle the entire frequency band of each particular system on 
a high fidelity basis with a reasonably flat gain over the total frequency 
range. All such amplifiers are designed with stabilized feedback circuits. 
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Figure 3-39 Peieshoue Repeater | Type Lil Carrier 
Used in Type-C Carrier System  - Amplifier 


Figure 3-39 is a schematic of an amplifier used in the type-C carrier 
system which operates over the frequency range from 5 to 35 kc. As 
indicated, it consists of two transformer-coupled pentodes with hybrid 
type input and output transformers. The negative feedback circuit is © 
connected between the two hybrids through an equalizer network circuit, 
This amplifier has a gain of 50 db, flat from 5 to 35 kc. | 


Amplifiers for the type-J and type-K carrier systems must handle still | 
broader frequency bands. Thus the type-J amplifier must operate through 
a. range of 36 to 140 kc. Itis a three stage amplifier using voltage ampli- 
fying pentodes in the first two stages and four power pentodes in parallel 
in the last stage. Resistance-capacitance coupling is used in the inter- 
stage networks. The amplifier has two feedback circuits. The outer 
feedback circuit extends from the output to the input hybrid transformer 
through an equalizer network. An auxiliary inner feedback path is | 
connected from the parallel plates of the output tubes to the grid of the — 
input tube through a network which is designed to control the singing | 
margin at frequencies considerably above the normally transmitted band. 
Type-K carrier amplifiers (12 to 56 kc) also employ three stages, with | 
feedback through a eae adjusting and equalizing network, 


‘ 
ra 
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Figure 3-40 L-Carrier Amplifier Circuit (Paralleling Tubes Omitted) 


Figure 3-40 shows schematically the circuit of the amplifier used in type 
_. L-l carrier systems, which operate in the range from 60 to 3,000 kc. Al- 
though the diagram shows only three tubes, these amplifiers are actually . 

built with paralleling tubes in each stage so that a tube failure will not 
stop the functioning of the amplifier. Because the amplifier must operate | 


- over such a wide frequency range, the interstage networks of this ampli- 


fier are quite complex. Asa matter of fact, neither of the interstage 
. €ircuits by itself provides a flat gain, but the two interstages in tandem 
yield an essentially constant gain between the grid of the first tube and 
the grie of the last tube over the entire carrier range. 


‘The inter- electrode capacitances of the tubes are minimized by the use of 
special types of miniature tubes having relatively high transconductance. 
Two feedback paths are provided, one around the output tube V3, and the 
other around the entire circuit, The alternating component of the plate 
current of tube V3 flows from the dathode of that tube through the impe- 


_. dance Z and the feedback network to ground; and thence through the pri- 


- rnary of the transformer in the output network to the plate of the tube and 


_ back to the cathode. The voltage drop to ground across Z and the feed- 


back network resulting from this current flow is applied to the grid of V3. 
This local feedback suppresses modulation effects (distortion) developed 


in the output tube. The alternating voltage developed across the feedback 


network is applied to the grid of tube Vl through the secondary of the 


| transformer in the input network. This is the main stabilizing feedback 


of the amplifier circuit. It also provides a means for regulation of the 
amplifier through appropriate adjustments of the feedback circuit. 


CHAPTER 4 
OSCILLATORS 


4,1 INTRODUCTION 


In communications work, the term oscillator is usually applied to electron 
tube devices which act as generators of a-c sine wave voltages. Practically 
any vacuum tube amplifier circuit will function as an oscillator if some part 
of the output energy is returned or fed back in phase to the input. The 
minimum requirement for sustained oscillation is that the energy so fed 
back must be at least as much as the reciprocal of the total amplification. 
That is to say, for example, if the energy amplification of the circuit is 100 
times, at least 1/100 of the output energy must be fed back. This is a condi- 
tion which itis not at all difficult to obtain. In fact, itis usually necessary 
in the design of any vacuum tube amplifying circuit to take special precau- 
tions to avoid the development of an oscillating condition. | 


#.4 SIMPLE OSCILLATIONS | 


Fig. 4-1 Tank Circuit. 
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Figure 4-1 illustrates the aperation of a tank circuit which is composed of a 
condenser and a coil. If the switch is thrown toward the battery, the con- 
denser will be charged to the battery potential. If the switch is then thrown 
away from the battery, the condenser will discharge through the coil and, 
because of the inertia effect of the coil, current will flow until the condenser 
is charged to the opposite polarity. The current will then revérse and the 
procedure will continue. The charge of the condenser will be slightly smaller 
with each alternation because of the circuit losses. The damped oscillation 
which results will have a frequency which depends on the inductance and the 
capacity of the coil and the: condenser. 


Simple Oscillatoz 


Suppose that a tank emcee: is placed in the plate circuit of an amplifier. If _ 
small impulses are fed into-the grid at the right time to overcome the losses 
of the tank circuit, then instead of a damped oscillation a continuous oscilla 
tion will result. The impulses may be supplied to the grid by positive feed- 
back. The frequency of oscillation will be: 


: ‘ (4:1) 


ais prom 
There are many possible designs of oscillator circuits. 
4.3 TYPES OF OSCILLATORS 


Induction Coupled Oscillator 
Figure 4-2 represents a simple type of inductively coupled oscillator circuit. 
Here the amount of energy fed back into the input is determined by the 
coupling between the coils L2 and Lj; and the frequency of oscillation is con- 
trolled by the values of ee and Cj in the resonant tank circuit. 


Fig. 4-2 Inductively Coupled Oscillator 
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Tuned-Plate, Tuned~Grid Os scillator 


Fig. 4-3 Tuned Grid Tuned Plate Oscillator 


Figure 4-3 shows an oscillator circuit in which both the grid and plate cir- 
cuits include tuned tank circuits. Here the feedback or coupling between the 
plate and grid is assumed through the interelectrode capacitance of the tube 
itself, If this is insufficient, it may be effected by the inclusion of a coupling 
capacitor as indicated by the dotted lines. | 


Wa te artle yy Oscilla ator 


Ce 


41 


if 


Fig. 4-4HartleyDscillator Fig. 4-5 Shunt-Fed Hartley — 


Figure 4-4 shows the principle of the well-known Hartley oscillator in which 
the tuned network is connected between the grid and plate of the tube, and the 
cathode is connected to a tap~point of the inductor. Thus the current flowing 
in the plate circuit produces a voltage between grid and cathode whose value 
depends upon the ratio of the inductive reactances on either side of the tap- 
point. This circuit is the series fed Hartley. Figure 4-5 shows a Shunt fed 
Hartley oscillator. In this case the d.c. path does not go through the coil. 


Colpitts Oscillator 


emir) 0k Renan are 


The Colpitts eee listo: is similar to the Hartley except that the coil is not 
tapped. Instead, the cathode is connected to the midpoint of two condensers 
which replace the Single Condenser of the Hartiey circuit. . 
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4,4. OPERATION OF THE OSCILLATOR 


It may be noted that grid bias is obtained in both circuits of Figure 4-4 by 
the use of a grid-leak resistor and capacitor, This arrangement has two 
advantages. It insures that the oscillator will be self-starting, since at the 
instant that voltage is first. applied to the plate the grid will be unbiased and 
the tube will be working on a. high point of its characteristic curve. This 
will permit an initial surge of current which will begin to charge the grid- 
leak capacitor and supply sufficient energy to the tank circuit to start it into 
oscillation. The first few oscillations will continue to build up the charge on 
the grid-leak capacitor and drive the grid increasingly negative until a steady - 
state operating condition is reached in which the energy supplied to the tank 
circuit is just sufficient to overcome its losses and thus maintain oscilla- 
tions of a constant magnitude. The grid-leak biasing arrangement also tends 
to make the oscillator self-regulating because the grid bias will automat- 
ically change in accordance with any change in the plate current that may be 
caused by variations in the load. | _ 


The circuits shown in Figures 4-2 and 4-4 do not indicate any load connection, 
but.in any practical case some portion of the plate circuit energy would, of 
course, be drawn off for application to some other circuit. This can be 
accomplished by connecting the load directly into the plate circuit, or by 
connecting it inductively to the coil in the plate tank circuit. It will be evi- 
dent, however, that such a load connection may affect the constants of the 
oscillating circuit somewhat, with a possible consequent effect on the oscil- 
lating frequency. This may be minimized by inserting a ''buffer amplifier" 
between the oscillator and the load. It may also be avoided by the use of the 
so-called electron-coupled oscillator shown in Figure 4-6. This circuit em- 
ploys.a tetrode in which the screen grid acts as the plate of an oscillating 
circuit of the Hartley type.. The plate circuit couples the oscillating circuit 
to the load by means of the varying stream of electrons passing through the 
screen to reach the plate. Changes in the load impedance thus cannot affect 
the constants of the oscillating circuit itself, 


Fig. 4-6 Electron-Coupled Oscillator 


CHAPTER 4 OSCILLATORS 


4,5 CRYSTAL CONTROLLED OSCILLATORS 


Many applications of oscillators in radio and carrier systems require greater 
stability of frequency than can be readily obtained with the circuits discussed 
above. The high degree of stability needed in such cases is usually obtained 
by employing a piezo-electric crystal in place of the ordinary tank circuit, as 
indicated in Figure 4-7. The crystals usually of quartz, Rochelle salt or 


tourmaline have electrical properties as shown in Figure 4-8 and may have a 
©Q of 30K or more. 
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CRYSTAL EQUIVALENT CIRCUIT 


R- RESISTANCE OFFERED TO VIBRATION BY THE CRYSTALS 
INTERNAL FRICTION. 


L -INDUCTANCE REPRESENTING THE CRYSTALS MASS. 


C- CAPACITOR REPRESENTING THE ELASTICITY OF THE 
CRYSTAL. 


Cy - CAPACITOR FORMED BY THE METAL PLATES. 


Figure 4-7, 4-8 Crystal Equivalent 
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When employed in an oscillating circuit as shown, the output frequency will 
correspond exactly. to the resonant frequency of the crystal regardless of 
variations that may occur in other reactive components of the circuit, or in 
the characteristics of the tube. If necessary, even greater stability may be 
secured by enclosing the crystal in a constant temperature oven to preclude 
any changes in the crystal itself that might result from changes in the 
ambient temperature. 


Crystals can be cut to have natural fundamental frequencies ranging from a 
few kilocycles up to about 30 megacycles. Frequencies much higher than 
this would require making the crystal too thin for practical use. Stable 
frequencies above this limiting value may be obtained, however, by using - 
frequency multipliers in tandem with a crystal source. These.consist 
essentially of vacuum tube amplifiers operated on a nonlinear basis so that 
their output contains substantial harmonics of the fundamental frequency. 

In a frequency doubler, the second harmonic appearing in the output of the 
amplifier is selected by an.appropriate tuned circuit, while a frequency 
tripler would select the third harmonic. Because of their relative weakness, 
higher harmonics than these are not ordinarily used, but any desired 
multiplying factor can be obtained by employing as many doubling or tripling 
stages in tandem as may be necessary. The stability of the end frequency 
remains as great as that of the originating crystal because the 

multiplying factor is always a fixed integral number. 


Fig. 4-9 Crystal Controlled Oscillator 
4.6 ULTRA HIGH FREQUENCY OSCILLATORS 


At ultra-high frequencies, special tubes must be used because the transit 
time of. electrons from.cathode to anode becomes an important part of the 
period. of the oscillation. UHF tubes are built with very close-spaced 
electrodes. At still higher frequencies, positive-grid oscillators, klystrons, 
magetrons, and. backward wave tubes are used. These will be discussed in 

a later chapter. | 
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CHAPTER 5 


AMPLITUDE MODULATION AND DEMODULA TION 


5.1 INTRODUCTION 


in radio communication systems, and in the various types of carrier 
systems, transmission of signals is effected by impressing the signal 
voltage on a carrier wave having relatively high frequency. The signal is 
thus transmitted to its destination by electrical waves whose frequencies 
‘are normally more nearly comparable in value to the carrier frequency 
than to the signal frequency. The basic reason for this procedure in both 
carrier and radio systems is to make possible the transmission of a number | 
of different signals over the same transmitting medium without mutual. 
interference by placing each signal in a different portion of the frequency 
spectrum. In radio transmission, such a procedure is also necessitated 
by the fact that efficient electromagnetic radiation in space can only be 
attained at high frequencies. It should be noted, however, that the total 
width of the transmitted carrier frequency band cannot be less than the 
sum of the bandwidths of all the signals carried--whether the signals are 
only a few cycles wide as in telegraph, or millions of cycles wide as in 
television. 


The process of impressing the signal on a carrier is known generally as 
modulation, The inverse process, whereby the signal is retrieved from the 
modulated carrier-wave, is usually called demodulation in carrier systems 
and detection in radio systems. There are various methods of modulating 
carrier waves so that they will effectively transmit signals. The most 
commonly used of these at the present time are amplitude modulation and 
frequency modulation. Another form of modulation becoming more 
prevalent is that of pulse code modulation. (PCM). 


¥ 


5.2 GENERAL | 


In amplitude modulation, the amplitude of the carrier wave is varied in 
accordance with the variations of the signal wave. The degree of difficulty 
involved in modulation depends upon the nature of the signal. For a tele- 
graph signal such as that shown in Figure 5-1 (A), the method is very simple 
and consists merely in interrupting the supply of carrier frequency to the 
line during negative pulses of the telegraph signal and permitting it to flow 
during positive pulses. The result is a series of "'spurts'' of current at the 
frequency of the particular carrier channel as indicated in Figure 5-1 (C). 
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In telephony, since the variations in voice current are much more complex 
than telegraph current, the process is more involved. This is indicated by | 
Figure 5-2 where A is a-representation of the unmodulated carrier, Bis 
a representative voice Signal, and C is the modulated carrier. It will be 
noticed that the outline or ''envelope" of the modulated wave has the form 
of the voice signal wave. This effect is not different in principle from the 
action of an ordinary telephone transmitter, where the direct current 
supplied by the local or central office battery is varied or modulated by © 
the sound waves of the voice impinging on the transmitter button. The _ 
output current from the transmitter is then a varying direct current con- 
eee! of the initial ae: battery current, with the changing voice 
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A Unmodulated Carrier 


A. Impressed Telegraph Signal 
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 B. Unmodulated Carrier 
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C. Carrier After Modulation By Ae — - Carrier After Modulation By B.| ( (DSBTC) 
Figure 5-1. Modulation in Telegraph © } ‘Gieire 5-2. Modulation in . 


Systems Telephone Systems 
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Figure 5-3 Basic Modulator 


A simple modulator circuit consisting of a carrier generator, signal gener- 
ator, a battery and a rectifier is shown in figure 5-3. With no carrier Of 
signal voltage applied, the: relationship between Ep the biasing voltage and 
the current is plotted as shown. Point Q on the curve represents the 
quiescent operating point which would be fixed by the voltage E,. If the 
rectifier ee exactly the square pam cuareat voltage relationship then: 


L=KE2 
If the carrier & signal generator are now. introduced: 


Ey = Bo | a re) cos + Wet 4 2 cos Wat 
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Squaring E, and substituting for I yields: 


2 2 
Tek (Eo* te +2) 


+ 2KE, (C cos W,t + S cos Wgt) 
+2 (Cc? cos 2W, t+ s° cos eW 5%) 
+ KCS [ cos (W. + Wo)t + cos (We - Ww Jt] 


The current in the circuit now sontaine soe ponent at frequencies other See 
than Wo. & Wg. The frequencies are: | 


ae The DC component 
b. We.& Wg the input components 
c. 2Wo & 2Wg twice the inputs 
d. Wc + Wg sum of inputs 
Wo ~ W, difference of inputs © 


The components (W, + Wg) and (We - W.s) should be recognized asthe 
upper and lower side-bands respectively. | 


If we modify our modulation circuit slightly as shown in Figure ce 4 to | 
introduce a band pass filter which will pass only the upper side-band, the 
process’ of modulation is complete. The intelligence at some frequency 
W,, has been multiplexed and is now contained in an upper side-band ata 
frequency (Wo + Wg). 


A demodulator as shown in figure 5-5 includes the same ecuipiment as . 
the modulator , however, input frequencies would be W, ang (We + W, s)* 
From the cormnina tons a filter would Be Ws 


5. 3 Boe Pee MODULATORS 


| Where pesacs are weed as modulators in carrier telephone systems, the 
' modulating effect is usually obtained by applying a biasing voltage to the 
- grid of the triode of such magnitude that the tube operates on a definitely — 
curved portion of its grid voltage-plate current characteristic.. Under 


_ these conditions, the amplification supplied by the tube will not be. constant” _ 


but will vary with the value of any alternating voltage applied to the grid. 


in the simple circuit of Figure 5-6 assume that a voice voltage - 
represented by Ais connected to the circuit through a transformer, 
together with the carrier voltage represented by B. For simplicity the 
voice voltage is here assumed to be sinusoidal in form although this, of 
course, is not generally the case. The two voltages, being in series, ade 
together to give the voltage represented by C impressed on the grid of the | 
tube, Now if the G battery or bias of the tube is given the Mee een 
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Figure 5-6 Currents in Modulator Figure 5-7 Wactad Tube 
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by Figure 5-7 :and:the characteristic curve of the tube is as there shown, 
the impressed control grid voltage will cause a plate current of the form 

_shown.in Figure 5-6 (D). After passing through the output transformer, © 
the current curve will be as pictured in Figure 5-6 (&). Analysis of this 
curve. shows the principle i preorae in terms of ae voice and 
carrier frequencies to be: 


V+ The voice frequency 
* C.-+ The carrier frequency 
2V.- Twice the voice frequency 
2C - Twice the carrier frequency : 
°C =-V - The difference between the carrier and 
| the voice frequencies. | : 
Cc + V - The sum of the carrier and voice piieeeanie: 
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5.4 COPPER OXIDE VARISTORS 


Many types of carrier telephone systems employ copper-oxide varistors . 
instead of electron tubes in their modulating and demodulating circuits. 
These devices are capable of accomplishing essentially the same results. 


Varistors are VARiable resISTORS and derive their name from the first 
three letters of the word variable and the last six letters of the word 
. resistors. Varistors are classedas "metallic rectifiers" ofas "crystal 
rectifiers'' such as the copper-oxide, selenium, or germanium crystal _ 
rectifiers. -All classes of varistors are in general made of semi-conductors, | 
that is, material whose conductivity lies between that of conductors and - 
insulators. The copper~oxide varistor is a sandwich consisting of a layer 
of cuprous-oxide on copper. These cells are produced by heating a copper 
-. disc, ina furnace to a temperature of about 1,000 degrees F and then S 
quenching it in water. This treatment produces a thin film of cuprous-_ 
oxide with an outer layer of cupric-oxide. The cupric-oxide is removed | 


_. leaving a thin layer of cuprous-oxide on one side. Contact with the | 
- . copper-oxide surface can be made by holding a lead disc against the oxide 


surface under pressure or by electroplating a nickel coating on the surface | 


ae of the oxide. These discs are shaped like washers and are assembled 


alternately with lead washers on a bolt so they can be clamped tightly © 

together (with a pressure of 500 to 2, 000 pounds per square inch) to secure — 

good electrical contact. The lead nickel or other conducting material 
applied to the outer surface of the oxide is known as the "outer contact". 


When a potential is applied between the copper and the outer contact, it is 


- found that the current is not proportional to the applied voltage and that 


| 7 it depends on the direction of the applied potential. Such a combination > 


offers a low resistance path to electron flowing from the copper to the ~ 
copper -oxide but a high resistance path to the electron flowing from the 
copper-oxide to the copper. A complete assembly is known as a '"'varistor" 


and the number of discs necessary in each assembly (or stacks) is de- 


termined by the voltage of the current to be rectified and the number of. 
stacks which must be connected in parallel is determined by the eae aee 
output desired. 


_ The copper-oxide varistor, whose cross section is shown in Figure 5-8, 
consists of a disc of copper, oxidized on one side to give a layer of red | 
cuprous- -oxide, which is a semiconductor. The other surface of the oxide 


layer is coated with a metallic film to form the second terminal of the > 
_. device. The resistance of a copper-oxide varistor is very low for one 


polarity of the applied voltage (called the "forward" or ''conducting' 
direction) and very high for the other polarity. A typical voltage- resistance 


characteristic of a copper ~ -oxide varistor is shown in Figure 5-9, where 


the current is plotted in terms of amperes per square inch area of the 


| _ disc. The slopes of this curve correspond to a resistance of about 1/4 ohm 


in the forward direction and about 2,000 ohms in the reverse etme Crees —_— 
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Figure 5-9 Resistance Charac- 
teristic of a Copper-Oxide 
Varistor 


Figure 5-8 Cross Section of Copper- 
Oxide Varistor . 


for an area of one square inch. (Actual copper- oxide varistors usually 
have.an area much less than one square inch, a representative size being 


a disc 3/16 inch in diameter. ) 


A varistor has considerable advantage over a vacuum tube because it is 
compact, requires no auxiliary power, is long lived, and needs little — 
maintenance. It is however limited in use to frequencies below about 4 


megacycles, because of internal capacitance. 


As in the case of electron tubes there are a number of possible circuit 
configurations for copper-oxide modulators. The two in most common use 


are shown in Figures 5-10 and 5-13. 
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Its essential characteristic for the present purpose is that, as shownin | 
Figure 5-9, its resistance varies with the magnitude and polarity of the > 
applied voltage. This is a typical curve for a single disc-shaped copper- _ 
oxide unit having a diameter of 3/16 inch. It will be noted that the resistance 
of the unit varies from a relatively low value when the copper is negative _ 
with respect to the copper-oxide, to a very high value when the voltage _ 
poet is reversed. 


%, 5 5 VARISTOR MODULATORS AND DEMODULATORS 


_ For use as modulators and demodulators in carrier systems, four of these’ 
tiny copper-oxide units are mounted in a sealed container having a maximum 

dimension of less than one inch. The characteristics of such units are very 

stable and their useful life is apparently indefinite under poneeas od a os 


In the channel modulator and demodulator circuits of most carrier systems, 
the varistor units are connected in the Wheatstone bridge arrangement 7 


illustrated in Figure 5-10. (In the symbols used here for the varistor 


units, the copper-oxide is represented by the arrow, and the copper by the 
crossbar. The conducting direction of the unit is thus in the direction of ~~ 
the arrow point.) The carrier voltage, C, is made very large as compared 
with the signal voltage, V. so that the resistance presented by the varistor 
units is effectively under the control of the carrier voltage alone. In other ds 
words, the resistance of the varistors varies from a low value | to. a high 
value at the frequency of the ae carrier voltage. 7 7 : 


Under these circumstances, the network ae varistors will act to virtually | 
short-circuit the line during the positive halves of the carrier voltage 
cycle; and to present an open circuit across the line during the negative oe Sy 


Figure 5-10 Balanced = Modulator Circuit 


halves of the carrier voltage cycles. This is illustrated by the two diagrams 
of Figure 5-11 where the varistors are indicated as perfect conductors 
during the positive puise andas opens during the negative pulse. The 
effect on the applied signal voltage, V, is therefore to block it completely 
during the positive half of the carrier cycle and to permit its free trans-. — 
mission during the negative half of the carrier cycle. The varistors thus | 


. act effectively like a switch, opening and closing at the frequency of the - 


carrier voltage. The resultant output current is shown in Figure 5-14. “ 
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. Current — 


mrgues 5-11 Operating Principle of Figure 5- 12 ee Current of 
“Circuit of Figure 5-10 | Balanced ‘Bridge Modulator 


An. span vate: of this current curve would oee that its principal components 
are the signal frequency and.the upper and lower side-bands of the carrier 
frequency. If we assume for the signal voltage a sine wave of the form - 


-e= Asin Vt 
where A represents the amplitude of the Signal and V is 2. times the signal 


frequency, ‘an approximate-equation for the output current represented by 
Figure 5-12 may be written as follows: 


| Asin Vt 2A | 
mF i ee ; 2 Siete Rae. ot ° ‘ 
TG R) + a(R, + Bo) [sin V¢ sin Ci 


4+-4sin Vt sin 3Ct + $sin Vésin6Ct +...) _ (5:1) 


‘Here Rj and R> are respectively the input and output resistances as indi- 
‘cated'in Figure 5-10 and C is 2 times the carrier frequency. 


‘Making use of the trigonometric relationship - 
sin 6sin ¢. = 4.cos (0 — @) — $cos (6 + or 


the above equation may be rewritten as - 


= Asin sin Vt _ A | 
“23(R, +R) | a(R, p Ry [os (C- VE 


cos (C+ V)t +4008 (83C — V)Et 
— $008 (8C + V)t + 4cos (5C — Vi | 
— $ce0s (5C + V)t+...] | ; a (5:2) 
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Figure 5-13 Lattice Modulator Circuit 


The first term of this equation represents the original signal voltage with 
a reduced amplitude. The first two terms inside the brackets are the 
lower and upper side~bands of the modulated carrier wave, and the re- 
maining terms in the brackets represent similar upper and lower side- | 
bands of odd multiples of the carrier frequency. The equation does not 
include any term for the carrier frequency itself, showing that the carrier 
is suppressed by the balanced arrangement of the varistors. 


In practice, only one of the side-bands of the carrier frequency is made 
use of in most cases and this is selected from the several frequency terms 
appearing in the output by means of a suitable band-pass filter. A demodu- 
lator arrangement, identical to that shown in Figure 5-10, is used atthe _ 
receiving end of the carrier line to restore the original signal frequency. 
In this case, the frequencies avplied to the varistor circuit (demodulator) 
are the received side-band and a locally generated carrier identical in 
frequency to that supplied to the modulator at the sending end. Thus, if. 
we assume that the lower side-band is transmitted, the signal frequency 
applied to the demodulator may be indicated in the form, K cos (C - V)t. 
When this term is substituted in equation (5:1) in place of A sin Vt, the — 
first term inside the brackets in equation (5:2) will become: 


cos [C —- (C — V)]t = eos Vi 


This is the desired original signal and it can be selected from the other 
components of demodulation by the use of a simple low-pass filter. 


For the group modulators and demodulators of broad-band carrier systems, 
a somewhat different arrangement of the varistor units is frequently 
employed. This is illustrated in Figure 5-15. Itis also a balanced bridge 
arrangement but the circuit connections and the configuration of the | 
varistors are such that, as indicated in Figure 5-14; the signal voltage 

is impressed across the output transformer in one direction during one- 
half of the carrier cycle, and in the other direction during the other half 

of the carrier cycle. in other words the circuit acts, like a reversing 
switch operating at the carrier frequency and results, in the ideal case, 

in the output current wave shown in Figure 5-15. 
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EreUne 5-14 Operating Principle of Figure 5-15 Output Current of 
Circuit of Figure 5-13 Lattice Modulator 


Current 


Using the same terminology as in the preceding discussion, the approxi- 
mate equation for the curve of Figure 5-15 is - 


24 i 
= (BR, + R;) (oS (C a Vit — COS (C Si Vit 


+ 4cos (8C — V)t — icos (83C + V)t 
+ $cos (5C — V)t — bcos (5C + V)t+...] (5:3) 


Comparing this equation with (5:2), it will be noted that the desired side- 
bands are still present in the first two terms in the brackets, and the © 
carrier is likewise suppressed. The signal frequency term, however, is 
no longer present. Moreover, the amplitudes of the side-bands are twice 
.as great as in the previous case. This modulator therefore has the ad-~ 
vantage of automatically suppressing the unwanted signal frequency com- 
ponents and of providing a larger output of the desired side-bands. These — 
characteristics are particularly desirable in group modulators where the 
wide band transmitted makes maximum side-band output, and the reduc- 
tion of the number of unwanted products, very important. This arrange- 
ment of course operates as a demodulator in exactly the same way and 
has the same advantages. 


In both of the examples of copper-oxide modulator operation discussed 
above, it was assumed for the sake of simplicity that the varistors acted 
as perfect rectifiers and were perfectly balanced in the bridge configuration. 
In practice, this ideal condition can only be approximated. The varistors 
do not actually present zero resistance to the transmission of current in 
one direction and infinite resistance to transmission in the other direction. 
Nor, as may be seen from Figure 5-9, is the transition from high re- 
sistance to low resistance as sharp as might be desired. Exact balance 
between the four varistors in the bridge connections is also a condition 
which can only be approached in practice. 
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As a result of the above practical facts, the modulator and demodulator 
outputs always contain numerous components additional to those indicated 
by equations (5:2) and (5:3), including the carrier frequency itself. Most 
troublesome of these unwanted components, probably, are harmonics of 
the signal frequency which may fall within the range of the useful side-band 
and thus cause distortion. Except for such frequencies as this, the un- 
wanted components can be completely eliminated by means of suitable filters. 
However, it is of course desirable that as large a part as possible of the 
total output energy should appear in the wanted components. This result 
can be effected to a considerable degree by properly proportioning the 
values of the applied signal and carrier voltages. Finally, it is worth 
noting that where greater output energy is required, each varistor can be 
made up of a number of individual units or discs connected in multiple or 
series-multiple. | 


The departure of the varistor characteristic from the ideal introduce _ 
frequency components at the modulator output in addition to those present 
in the above equations. This distortion is reduced in magnitude by making 
the signal voltage small in comparison to the carrier voltage. The modu- 
lator of Figure 5-13 has an inherent advantage over the modulator of 
Figure 5-10 in reducing the number of these additional frequencies, in 
that this circuit is essentially made up of two modulators which when oper- 
ated together balance out:any even harmonics present in much the same 
manner as in push-pull vacuum tube circuits. This characteristic is very 
desirable in a group modulator where the wide band transmitted makes the 
reduction of the number of unwanted products very important. 


A number of other configurations of varistors are possible which will give 
results similar to those discussed herein. The particular arrangement of 
varistors in a modulator, as wellas the size and number of discs in each 
varistor which will offer the greatest advantage in any specific case can 
only be determined in relation to the circuit design as a whole. 


Modulation in radio systems ordinarily involves substantially larger amounts 
of power than the carrier systems discussed above. Considerations of 
power efficiency, therefore, are of muchgreater importance. Also, because 
of the much larger power requirements, electron tubes must always be used 
in the modulating circuits since any practical varistor arrangement would 

‘be inadequate to handle the required power. , 


Demodulation in radio systems involves the same principles as were out- 


lined above in connection with carrier systems. But the particular devices 
used in this case are generally known as detectors. 
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CHAPTER 6 
TYPE ''C'' CARRIER SYSTEM 


6.1 GENERAL 


The type "'C’! system made its appearance in the 1920's. It was the first 
really successful carrier system and is still an important member of the 
family of carrier systems. It was originally designed before the day of 
varistor types of modulators and feed-back amplifiers, and has appeared 

in a succession of improved designs known as the Cl, C2, C3, C4, and C5 
systems. The last and current standard model, the C5, is a fairly complete 
redesign to incorporate the advantages of the modern techniques of varistor — 
modulators, filters with molybdenum permalloy coils, new types of vacuum 
tubes, and feedback amplifiers. This section will describe in particular the 
C5 system with occasional reference to the earlier models of the type ''C"! 
system. It operates on open wire facilities and provides three telephone 
circuits in addition to the normal voice-frequency circuit. 


The frequency allocations used in the type ''C"' systems lie between 6 and 
15.5 kc for transmission from East to West and between 18 and 28 kc for 
transmission from West to East. The upper and lower halves of this range 
are used for the opposite directions of transmission, as they are in the type 
"J'' systems. However, these are reversed from the type "'J'' system 
arrangement, the east-to-west channels occupying the lower and the west- 
to-east channels the upper frequencies in the type "'C"' systems. The channels 
are single-sideband with suppressed carriers. To reduce crosstalk, there 
are several ''staggered"' frequency allocations, some using upper and others 
using lower sidebands. The C4 system was provided in three allocations, 
known as CN, CS, and CT. The C5 system is available in four allocations, 
the CA, CB, CS, and CU. These allocations are shown in Figure 6-1. 


It will be noted that the "allocations" differ from each other not only in the 
frequencies the channels occupy but also in whether the channels are upper 
or lower sidebands. : ) 
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FREQUENCY IN KILOCYCLES PER SECOND 
Fig. 6-1 - Frequency Allocations of Type C and H Carrier Systems 


Unlike the more complicated systems described in other. chapters, the ‘type 
'C" systems translate each telephone channel to its assigned frequency — 
position on the line ina single stage of modulation. The required carriers 
are not multiples of any base frequency but are generated by individual | 
oscillators, one for each modulator and demodulator. One pilot is trans- 
mitted in each direction on all of the type ''C"’ systems. The pilot frequency 
is located 50 cycles from the frequency of the suppressed carrier of the 
middle channel, between the carrier and the transmitted sideband. In the 
longer systems, the pilots are used for the automatic regulation of the 
systems. In the systems which are so short as to have no repeaters, the 
regulation may be manual. 


The type ''C"' systems are designed so that the repeater spacings are the 
same as for the voice-frequency systems (about 150 miles) and therefore 
the repeaters are located in the same stations as the voice repeaters. The 
present C5 system is composed of the C5 terminals, the Cl repeater, and 
the 2B carrier pilot channel, all coded Goberaise These will now be. 
briefly described. 
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6.2 THE C5 TERMINAL 


A block diagram of a C5 terminal is shown in Figure 6-2. The left-hand 
leads are the three voice-frequency telephone circuits on a 4-wire basis. 
They come from the 4-wire switches in a 4-wire switching office, or from 
4-wire terminating sets in a 2-wire switching office. Each 4-wire telephone 
circuit goes to a modem unit and associated filters, which make the required 
translations between voice and line frequencies. The outputs of the trans-_ 
mitting branches of the three modems are paralleled together, and the — 
signals are amplified by a common transmitting amplifier and applied to the 
line through a directional filter. Coming from the line, the three incoming: 
channels are separated from the outgoing channels by a directional filter | 
and are applied to the receiving branch of the terminal. This includes 
equalizers, a regulating network, and a receiving amplifier. The three 
incoming channels, after leaving the receiving amplifier, are separated 
from each other by the demodulator band filters and applied to their re- 
spective modems. The portions of the 2B carrier pilot channel equipment 
included in the terminal are shown by dotted lines. It will be noted that the 
pilot is applied at the input of the transmitting amplifier. Each modem unit 
consists of a channel modulator and a channel demodulator. These are 
shown separately in Figures 6-3 and 6-4. It will be noted that each circuit 
includes an individual carrier oscillator for generating the required carrier 
frequency. The modulators are copper oxide bridge-type modulators. It. 
was necessary in the vacuum tube modulator in the C4 terminals to adjust 
the modulator balance for minimum carrier leak by means of variable 
capacitors. No such adjustment is required in the copper oxide modulators 
of the C5 terminals, because of the greater uniformity and stability of the 
copper oxide varistors, compared with vacuum tubes. 


The transmitting and receiving amplifiers are the same as the eaceee: | 
used in the repeaters, and will be described below. They are 2-stage 
feed-back amplifiers having a substantially fixed flat gain from 5 to 35 
kilocycles, which may be made either 50 or 52 decibels by a soldered 
adjustment. The gain of the transmitting amplifier is 52 decibels, and the 
gain of the receiving amplifier is 50 decibel. The transmission level of 
the outgoing channels on the line is +18 decibels with respect to the sending 
toll switchboard. The receiving branch of a terminal up to and including 
the receiving amplifier is similar to the circuits of one branch ofa repeater, | 
and will be described below. It includes a regulating network which is 
automatically controlled by the pilot when the 2B carrier pilot channel 
equipment is used. On short, nonrepeatered systems in which the 2B pilot 
equipment is omitted, a manually a potentiometer is BUbeatutee 
for the og anne network. 
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6.3 THE Cl REPEATER 


A block diagram of the Cl repeater is shown in Figure 6-5. The two 
directions of transmission are separated at each end of the repeater by the 
usual directional filters. Between the filters, the repeater consists of two 
one-way amplifying and regulating circuits. The amplifier itself, which is 

the same as the transmitting and receiving amplifiers of the C5 terminals 

is shown in Figure 6-6. It will be noted that the input and output transformers 
are in the form of hybrid coils, with the negative feed-back circuit (equal- 
izer (A)) connected to terminals of the coils which are conjugate to the line 
terminals. | i 
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Fig. 6-6 - Amplifier Schematic 


The equalizer is designed to make the gain of the amplifier flat with 
frequency from 5 to 35 kilocycles. The gain can be made either 50 or 52 
decibels, by means of soldered strap ''W''. A 50-db gain is used in re- 
peaters. It is of interest to compare the.above amplifier with the one used 
in the C4 and earlier systems, shown in Figure 6-7. It was a 2-stage, 
push-pull, nonfeed-back amplifier. The last stage consisted of four 104- 
type vacuum tubes. .The whole amplifier used six tubes compared with the 
two tubes required by its more modern counterpart. —_—T ; 
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The repeater is normally operated at an output transmission level of +18 
decibels. Pads are provided following the amplifier in each branch for .... 
decreasing the level if desired. Other pads are provided in the input of. 
- each branch which are used to build out the line loss of short line sections. | 
as required for optimum operation of the regulator. A "high cut-off filter" : 
is connected, when necessary, in the W-E branch of the repeater to attenu-_ 
ate currents of frequencies above the C range. This prevents type J". 
system crosstalk currents from circulating through type 'C" repeaters, and 
also prevents the possibility of the type sO repeaters singing at high . 
frequencies. A: "low cut-off filter’ is connected in the output of the E- Ww. 
branch to prevent low-frequency modulation products, generated inthe 
repeater, from interfering with the voice-frequency telephone or program | 
channel on the same line. Each branch of the repeater contains a basic 
equalizer which is designed to equalize the slope of a so-called maximum ° 
line section. The equalization is approximately correct for 270 miles of 
165-mil, 12-inch spaced line, under wet weather conditions if DP insulators 
are assumed. For shorter line sections, the building-out networks shown 
in Figure 6-5 are added as needed. The loss characteristics of the basic 
equalizers in the two branches are shown in Figure 6-8. Auxiliary equal- 
izers are sometimes required in addition to the basic equalizers. That in 
the W-E branch is to correct for the distortions introduced by the filters 
which separate type "C'' and type ''J'' systems on the same pair or by the | 
crosstalk suppression filters used on non-J pairs when other pairs on the. 
pole line are equipped with type ''J"' systems. The auxiliary equalizer in 
the E-W. branch similarly corrects for distortions caused by the 5000-cycle 
line filters when these are used to separate the type ''C'' and voice 

Sr equcucies: 


The regulator and regulating networks are part of the 2B carrier pilot 
channel equipment which is de scribed below. All Cl BepGatess haa this. 
equipment. po a EF 


6.4 2B CARRIER PILOT CHANNEL 


The 2B carrier pilot channel equipment provides for transmitting a pilot 
frequency adjacent to the middle channel of each one-way group, and 
includes regulators associated with all the repeaters and the receiving 
branches of the terminals for correcting for the variations in line attenu- 
ation due to weather and temperature. It functions in a manner similar to 
the type ''J"' regulating system. a | 


The pilot frequency is generated by a single tube coil-and-condenser . 
oscillator in which the amplitude of the oscillations is limited by a thyrite 
varistor. The automatic-gain-control circuit, which is actuated by the 
pilot at each repeater and the terminal, is shown in Figure 6-9. The pilot 
is selected by a filter bridged across the output of the line or receiving 
amplifier, is rectified, and then applied to the winding ofa sensitrol relay. 
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If the level of the pilot deviates from its correct value by more than +0. 5 
decibel, the relay closes one or the other of its contacts, operating a motor 
geared to the movable plate of a multiplate capacitor associated with the 
regulating network. The movement is in sucha direction as to change the 
loss of the regulating network so as to restore the pilot level to its correct 
value. The rate of correction is about one decibel per minute. The 
sensitrol relay (whose contacts are magnetically locked when closed) is 
automatically reset about every 4 seconds so that the motor will be stopped | 
when it has made sufficient correction. An additional sensitrol relay 
operates alarms if the pilot level deviates +3 decibel or -5 decibel from its 
proper value. = 
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The regulating network consists of five sections, each having aC naar eec ag ae 


istic inverse to .a certain length of line. As a compromise, the networks 
are designed specifically to match sections of a 128-mil line equipped with » 
CW insulators. Some small but not serious amounts of over- or under- 
compensation are therefore obtained on other types of lines. The method — 
of connecting to the network sections through the moving plate of the multi- 
plate capacitor gives effectively a continuous, smooth adjustment over the | 
entire available range. This range is 32 decibels at 15 or 28 kilocycles, | 
respectively, for the low- or high-frequency groups of channels. 


The regulator varies the slope as wellas the loss. The regulating network 
includes a single tube amplifier, to provide a high impedance termination to 


oe regulating circuit as well as to afford some needed gain. 


The pilot frequencies are: 


E to W | | | ; W to E 
CA 12.35kc 26. 15kc 
CB a 12. 35ke 23. 25kc 
CS 9, 45ke | | 24, 35kc 
CU | 9. 45kc 21, 45ke 


If automatic regulation is not desired a potentiometer for oe: gain 
eee may be provided. : 


6.5 LINES 


The above regulating arrangement is less complicated than that used for the 
type "J" system. The simpler arrangement is practicable for type ''C"' 
systems, first because rain and sleet affect the line attenuation less in the 
type ''C'' frequency range than at the higher frequencies used in the type "J" 
systems, and secondly because the type ''C"’ system transmits a narrower 
frequency band than the type 'J"' system. The regulating system used in the 
type ''C'' systems which was just described assumes that the effect of rain 
and sleet, as well as temperature, on the line transmission is substantially 
equivalent to a lengthening or shortening of the line, within the range of 
uence that are transmitted in each direction. 


Since toll entrance and intermediate cables appear in all open-wire lines, 
they must be taken into account in the engineering of type 'C'' as wellas 
type "J"' systems. When there is no type ''J"' system on the same pair. with 
the type ''C'' system, the type ''C"' and voice frequencies are usually carried 
‘in the cables on ordinary paper-insulated twisted pairs having a BOSC tee 
light loading suitable for the type 'C'' system frequencies. = 
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Voice frequency telephone, D-C telegraph and type J carrier telephone may 
be used on the same pair with the C5 system as its frequency allocation is 


between the upper limit for voice circuits and below the band assigned for 
type J. 


J 


CHAPTER 7 
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7.1 GENERAL 


The Western Electric H1 Carrier Telephone System (J68747) is a single- 
channel system which provides for superimposing an additional telephone 
circuit upon an existing voice-frequency telephone circuit working over an 
open-wire line. The carrier equipment includes provision for operation on 
a ringdown basis and can be applied on a line without the loss of any existing 
service, It is suitable for use as a permanent installation and also for 
temporary or emergency circuits. Without an intermediate repeater, the 
system will find its widest application on open wire circuits of about 25-200 
miles in length; with one or two intermediate repeaters it will be applicable 
on circuits up to as much as 500 or 600 miles in length (depending on the 
gauge of the open wire conductors, the amount of intermediate cable in the 
line, the number of bridged way stations, etc.). | 


The H1 system employs copper-oxide modulators and demodulators, heater 
type pentode tubes, and improved filters made possible by new magnetic 
alloys. The copper-oxide varistors used as modulators, demodulators and 
rectifiers in the power supply are of smaller size than the customary vacuum-_ 
tube devices, have the advantage of long life and small power consumption, 
and provide better balanced and more stable modulation. A single heater- 
type pentode tube in the transmitting amplifier works at approximately the 
same output level as two tubes in the older systems. It simplifies the 
problem of working from 110-volt a-c supply by obtaining grid biases from 
across a resistance in the cathode circuit. 


Lhe terminal unit and the repeater may be operated either directly from a 
115-volt 50-60 cycle alternating current source or from 24-volt and -130- 
volt and 130-volt batteries. This system employs the same carrier 
frequency, 7150 cycles, for both directions of transmission. The carrier 
frequency is generated locally at each terminal and only the sidebands are 
passed over the circuit. The upper sideband is used for transmission in 
one direction and the lower sideband for the other. Because of the rela- 
tively short distances over which the system is designed to operate, no 
equalization is provided and no automatic regulation of the circuit net loss 
is employed. However, for the longer systems a manual compensating 
adjustment has been included in each terminal whereby the receiving gain 
may be changed in three steps of 2 dbeach. Similar arrangements are also 
provided to control the gain of a repeater, two steps of 4 db each being 
provided. These adjustments will compensate for changes in loss due to 

_ weather and temperature changes in the line. | 
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“ 
It is necessary to compute and specify transmitting levels, repeater output 
levels, receiving levels, and circuit net loss for each Hl carrier circuit 
placed in service. This data should be based on the transmission performance 
of the carrier equipment and the characteristics of the open wire line and 
intermediate cable over which the system operates. 


The type 'H" carrier system is a successor of the discontinued Pe npn 
system. : 


The frequency allocation of the type "H" system is shown in the lower part 
of Figure 6-1. It will be seen that although the same carrier frequency of 
7150 cycles is employed for both directions of transmission, frequency 
separation of the oppositely directed channels is nevertheless. obtained by the 
device of utilizing the lower sideband for the west-to-east and the upper 
sideband for the east-to-west transmission. The type ''H'! frequencies _ 
overlap those of the lowest channel of the type "'C" systems, so that yee 

"H" and type "'C"' systems cannot be applied to the same pair. 


7.2 SIGNALLING 


The type '"'H'' system includes a 1000-cycle signalling system which is: built 
into its terminals. The signalling current is generated by displacing the 
carrier frequency by 1000 cycles (upward for the east-west and downward for 
the west-east direction) and then interrupting the shifted carrier ata 20-cycle 
rate. The signalling currents thus generated, after demodulation in the 
receiving terminal, are identical with those of the standard 1000-cycle 

- signalling system, and therefore will operate a standard ringer in a remote 
office to which the type ''H"' circuit may be extended over other types of © 
facilities. Signal-receiving circuits are also built into the type ''H"' terminals 
for use when these coincide with the circuit terminals. The built-in  - 
signaling circuits are arranged to operate from and into the d-c or 20-cycle 
signaling arrangements which are standard in the various types of toll — 
switchboards. 


7.3 SYSTEM ARRANGEMENT 


In designing the type ''H' equipment, it was made as small and inexpensive as 
possible, consistent with obtaining the desired performance. An idea of the . 
compactness that was achieved can be obtained from the fact that five com- 
plete type "'H" terminals can be mounted in one 11-1/2-foot bay. — : 


The general arrangement of a nonrepeatered type ''H"’ system as applied to 
one side circuit of a phantom group is shown in Figure 7-l and 7-5. It will 
be seen that the carrier system is connected to the line ata point between the 
phantom repeating coil and the telegraph composite set. The voice and 
carrier channels are separated by line filters consisting of a low-pass filter | 
in series with the voice circuit and a high-pass filter in the input to the 
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Figure 7-l - General Schematic of an H1 Carrier Telephone System 
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carrier terminal. The insertion of the carrier line filter in one side 
circuit of a phantom group requires that a similar impedance be added to 
the other side circuit, in order to preserve the phantom balance and pre- 
vent undue crosstalk between the phantom and side circuits. A special 
balancing unit coded the 156A network is employed for this purpose. It is, 
of course, not requined if both side circuits are equipped with type ''H" 
systems. 
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7.4 "Hl" TERMINAL 


A simplified diagram of the essential transmission features of a type ''H”! 
terminal is'shown in Figure 7-2. It begins with the usual hybrid coil or. 
4-wire terminating set for separating the 2-way speech circuit coming from 
the switchboard into an outgoing and an incoming one- way branch. The 
upper, transmitting branch of the terminal, after passing through a filter 

to remove noise and speech frequencies that fall above the useful voice- 
frequency band, is applied to a lattice-type copper oxide modulator. This 
is supplied with a carrier of 7150 cycles frequency and 2.5 volts amplitude. 
The upper or lower sideband is selected by the succeeding filter, depending 
upon whether this is an east or a west terminal. Finally, the selected 
sideband is passed through a transmitting gain pad and the transmitting 
amplifier, and thence through a directional filter to the line. The trans- 
mitting amplifier is a single-tube, negative feed-back, fixed-gain amplifier. 
The gain pad is adjustable by soldered straps and is normally set so:as to 
obtain a transmission level of +16 decibels on the tine. 


The incoming signals from the distant terminal are separated cont the ; 
outgoing signals by the directional filters. They then pass through three 
pads to the demodulator. The first two pads may be cut in or out by keys, 
and have losses of 2 decibels and 4 decibels, respectively. These provide 
manual adjustments for compensating for the variations in the line attenu- 
ation. The third pad is adjustable by soldered straps and is set to obtain 
the desired receiving gain for the particular line on which the system is to 
be operated. The demodulator is a copper oxide modulator like that used 
in the sending branch. The voice-frequency band from the demodulator is 
selected by a filter and is then amplified by the receiving amplifier. This 
is a single-tube feed-back amplifier whose output transformer is arranged 
so as to form anasymmetric hybrid circuit. One of the conjugate outputs 
of the hybrid coil goes to the receiving signaling circuits, the hybrid loss 
in this path being 1.5 decibels. The other conjugate output (hybrid loss 
is 5 db) carries the voice channel through two adjustable pads (called 

receiving level'' pads) to the terminating hybrid coil of the system. The 
pads, one of which is adjustable by straps in steps of 0.5 decibel from 0 to 
3.5 decibels, and the other in steps of 4 decibels from 0 to 28 decibels, 
provide means for setting the over-all net loss of the carrier circuit to its 
desired value. 


7.5 "EM baleen REPEATER 


A repeater is available for extending the translation range of the Hl system. 
A schematic diagram of the repeater is shown in Figure 7-3. The amplifier 
tubes and circuits employed in the repeater are the same as those utilized 
for the high-frequency amplifier at the terminal. The repeater panel also 
includes directional filters, manually adjustable gain control pads, and an 
alte rnating current power BUDDY unit. | 
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Figure 7-5 - Schematic of Terminal Transmission and Signaling 
Circuits. 


The repeater consists of two -1 way paths, each containing a single stage 
feedback amplifier... Carrier enters directional filter on a 2 wire basis 
where it is routed to proper amplifier (E-W or W-E). No signalling 
arrangements are necessary at the repeater as signalling currents merely 
pass through, ina similar manner as the transmitting sidebands. 
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7.6 "H' CARRIER TRANSMISSION 


The transmission levels in the terminal circuits are also indicated in © | 
Figure 7-2. As noted earlier, the output transmission level sent into the 
line is nominally +16 decibels relative to the toll switchboard. The 
minimum receiving level on which the terminal will work is -15 decibels. 
_ This would seem to indicate that the system could work over any line whose. 
maximum loss does not exceed 31 decibels, but as discussed later this is 
subject to some qualification. The demodulator itself is designed to:work 
on a nominal input level of -13 decibels. This level must be kept above a 
minimum of -16 decibels for the signal receiving circuits to work properly. 
The pads ahead of the demodulator must be adjusted to compensate for the | 
loss of the actual line so as to obtain the required level at the demodulator. 


Since nothing de ence by man is ideally perfect, there is notan ae ne 
loss between the output of the transmitting branch and the input of the receiv- 
ing branch of the terminal because of slight but finite transmission through 
the directional filters, and because of crosstalk coupling between the two. 
branches. The carrier currents that thus leak into the receiving branch are 
there demodulated against the same carrier frequency which was used in the — 
modulator and therefore reproduce the same voice frequencies that were 
applied to the sending branch. The leakage of the high-frequency currents 
between the two branches, plus the transmission across the voice-frequency 
hybrid due to unbalance between the compromise network and the line from 
the switchboard, therefore, create a round trip path in which there may be 
circulating currents. This places a limit on the permissible sum of the | 
gains in the two branches (called the loop gain of the terminal), just.as the — 
hybrid coil unbalances limit the sum of the gains in the two directions ofa _ 
Z-wire telephone repeater. The gain of the sending branch is fixed, since | 
the output level is constant. The gain of the receiving branch is dependent 
on the sum of the losses in the receiving gain pads ahead of the demodulator 
and in the receiving level pads which follow the receiving amplifier, all — 
other parts of the circuit being constant. Therefore, it is evident that the 
sum of the losses in the two sets of pads must be kept above some minimum 
value if the permissible maximum loop gain of the terminal is not to be 
exceeded. Now it can be seen that the greater the loss of the line, the 
smaller must be the loss in the receiving gain pads (to obtain the requisite 
level on the demodulator) and the greater, therefore, must be the loss of 
the receiving level pads if the loop gain limit of the terminal is not to be 
violated. Since the receiving level pads determine the net loss of the 
circuit, itis apparent from this reasoning that the minimum net loss at 
which the circuit can be worked is a function of the loss of the line. 


The above general explanation can be reduced to the simple WEEE wulls 
expressed by the equation, 


N = L-22 | | (7-1) 


where, 
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N = minimum allowable net loss of the carrier circuit 


L = maximum attenuation of the line (wet weather) at 8150 cycles 
(line frequency corresponding to a voice frequency of 1000 cycles 
on the east-west channel) 


Evidently if the line loss L has the maximum value of 31 decibels, the net 
loss of the circuit must be at least 9 decibels, while if the line loss were 
only 22 decibels, the circuit may be worked ata net loss of 0 decibel. 

This rule applies to the net loss of the carrier circuit from terminating set, 


even though switching pads are added on the switchboard sides of the 


terminating sets. 


Little need be said about the transmission characteristics of the lines, since 
the type ''H" system employs no equalization and only manual flat-gain 
- regulation. It may be noted that the wet-weather loss of 104-mil open-wire 
— lines at 8150 cycles is 0.11 decibel per mile. The problem of toll entrance 
and intermediate cables is often encountered, just as in the case of the type 
"J" systems. When loading is required on these cables, the BH-15-15 
loading system is used. The Y-9 loading system is employed for office 
wiring. 


The type "H" carrier system furnishes a telephone channel whose band is 
250 to 3000 cycles or better, measured at the 10-decibel loss points. 
Representative transmission-versus-frequency characteristics for a type 
"H'" system ona 100-mile 104-mil line having 3 miles of No. 19 gauge, 
BH-15-15 loaded toll entrance cable, are given in Figure 7-4. Fora 200- 
mile circuit, the variation in loss between dry and wet weather may be in 
the order of 5 decibels. The manual adjustment provided in the terminals 
permits holding the variations in over-all net loss to +! decibel. Whena 
type ''H" system is operated over lines less than 75 miles long, the manual 
adjustments are not required and the gain pads are ordinarily strapped out. 
Atype "H'' system may be operated on the same pole line with other carrier 
systems. | 
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CHAPTER 8 
A5 12-CHANNEL BANK 


8.1 GENERAL 


The A5 channel bank supersedes the Al, Az, A3, and A4 channel banks. 
It differs from former type "A™ channel banks in the following respects: 


(1) It has been reduced in size to permit mounting at least nine banks | 
in a 11' 6" bay as compared with three A4 channel banks. 


(2) It employs a three-stage transistor amplifier to replace the one tube 
demodulator amplifier. This permits greater stability with respect 
to battery variations, lower harmonic distortion which eliminates the 
need for an applique unit for telephoto service, and less suscepti- 
bility to induction noise. 


(3) It requires only -24 volt battery supply. 


(4) The modem units for each channel are physically and electrically 
identical and therefore interchangeable. 


Single sideband program circuits may be operated over type J, K, or L. 
carrier channels. As with other type "A' channel banks, this type of 
operation requires the removal of two message circuit channels (Channels 
6, 7) for 5KC circuits or three message channels (Channels 6, 7, and 8) 
for 8KC circuits. 


Over-all schematics of the A5 bank, including patching jack equipment and 
4-wire terminating equipment are shown in Fig. 8-l. 


The 2-wire voice frequency of each channel is connected through a hybrid 
coil which separates the transmitting and receiving circuits. In the trans- 
mitting circuits of the channel bank, the twelve voice-frequency bands are 
modulated with twelve carriers, ranging from 60 to 108 kilocycles at 4KC 
intervals. Twelve crystal-type band filters select the lower sidebands 
from the output of the modulators, which are of the suppressed-carrier 
type. The twelve sidebands are then combined ina single broadband — 
spectrum from 60 to 108KC, and from this point are treated as a unit in 
subsequent steps of modulation, transmis sion over a line, and demodula- 
tion up to the point where they enter the receiving circuits of the far-end 
12-channel bank. Here they are separated by twelve crystal-type receiv- 
ing band filters and demodulated individually with nocasty= supplied carriers. 
Figure 8-2 shows the basic modulation plan. 
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The A5 channel bank has approximately the same standards of bandwidth, 
output limitation and noise as the preceding A-type banks. In addition, it 
is less susceptible to hum pickup, has greater transmission stability, par- 
ticularly with respect to battery variations, and has a lower temperature 
coefficient of gain variation than the A4 channel banks. The A5 demodula- 
tor amplifier exhibits a marked improvement in intrachannel modulation 
over previous type A demodulator amplifiers. Telephoto may be trans- 
mitted over the A5 channel bank without any modifications. The A5 is 
normally wired for a -16 db MOD IN level. Therefore, for offices using 

a -13 db MOD IN level a 3 db pad is required for each channel. This pad 
is located in the voice-frequency patch bay. The DEM OUT level encom- 
passes both the +4 and +7 db levels by adjustment of a gain control in the 
voice-frequency patch bay. Modulator loss variations are corrected by an 
adjustable pad as discussed below. : 


8.2 DESCRIPTION OF CIRCUITS 


The A5 channel bank is in general, interchangeable with the Al-, A2-, or 
A4-type banks in both operation and performance. The theory of the A5 
channel bank operation is shown diagramatically in Figs. 8-3 and 8-4 and 
is discussed in the following paragraphs. . 


Modulator Circuit 7 | | | 

As indicated in Fig. 8-3 and 8-4, the voice-frequency currents enter the 
channel modulator at the MOD IN jacks. A 3 db pad is optionally provided 
in the voice-frequency patch bay and is used only in offices using a -13 db 
MOD IN level. The voice currents enter the modulator circuit through the 
input transformer. This transformer performs two functions: (a) it acts 


as a low-pass filter to attenuate spurious carrier frequencies from enter- 


ing the modulator and (b) it insures a well-balanced modulator circuit. 


Varistor Modulator: The voice-frequencies of each channel are modulated 
with one of the channel carrier frequencies as indicated in Fig. 8-2, pro- 
ducing sum and difference frequencies of carrier and voice-frequencies 

in the varistor modulator. The varistors are not adjustable and it is ex- 
pected that they will not require replacement during the life of the equip- 
ment. The particular bridge arrangement of varistors employed in the 
modulator and also the demodulator circuits has a high degree of balance, 
and is sufficiently stable so that the carrier leak appearing in the output 

is relatively small. It is expected that the amount of this carrier leak 
from any modulator will not exceed -20 dbm at a zero level point for the 
A5 banks. Inthe average case, it should be considerably below this value. 
The modulator provides load limitation. This fact is taken advantage of 

in the design of amplifier equipment associated with the various broadband 
carrier systems. The limiting action takes place in the following manner: 
The carrier voltage applied to the modulator is of a much higher magnitude 


8.4 


ary 


MOUNTED IN CHANNEL BANK FRAME 


PART OF CHANNEL MODEM 


JACKS 


9 AT H.F. PATCH 
CHANNEL HIGH PASS MODULATOR CONRECTION SWITCHING HYBRID BAY OR SEALED 
MODULATOR PIGTES BAND FILTER NETWORK TEST TERMINAL 


CAPACITOR 


TO 
DEMODULATOR 


CHANNEL 
CARRIER 
SUPPLY 


FUNCTIONS 


OTHER 
Y CHANNEL { IMPEDANCE 
SIDE BANDS | CURRENTS 
ENTER END BAND 
q HERE 


PERMITS 
PATCHING 
FOR TEST 
OR TO 
USE OTHER 
GROUP 
EQUIPMENT 


VOICE eee VOICE 
FREQUENCY FREQ ae (LOWER SIDE BANDS OF ALL 12 CHANNELS, 60 10 108 KC) 


DIRECTION OF TRANSMISSION 


Fie. 8-3 - Simplified Schemacic of Tvpe A5 Channel Modulator 


8 UALGVHO 


SNV@ TANNVHO-21 SV 


43 


. PART OF CHANNEL MODEM - MOUNTED IN CHANNEL BANK FRAME 
, : . : JACKS 
: AT H.F.’ PATCH 
LOW PASS HIGH PASS DEMODULATOR SWITCHING HYBRID Ae 
| AMPLIFIER FILTER DEMODULATOR | FILTER BAND FILTER ee nay Ot See 


CAPACITOR TEST TERMINAL 


GAIN CONTRO 
REC MON 


= 


CHANNEL 
CARRIER | 
SUPPLY . | ; A | —5.0 


ADJUSTS PRESENTS PRESENTS LPROVES SELECTS ADJUSTS MATCHES CORRECTS PERMITS 

RECEIVING HIGH HIGH L.PEDANCE ONLY LEVEL IMPEDANCE v4 P ATCHING 
LEVEL, IMPEDANCE IVPEDANCE RELATIONS CURRENTS | CURRENTS - OF Gi, DEM, CANCELS FOR TEST 
PERMIT AMPLIFIES TO TO - BETWEEN ASSOCIATED} LEAVE AMP, TO 12 INDUCTIVE OR TO 

PATCHING FREQUENCIES CARRIER VOICE FILTER AND WITH THIS FILTERS CHANNELS. . USE OTHER 
AND RECEIVED FROM FREQUENCIES. VARISTOR CHANNEL ~ PROVIDES * GROUP 

TESTING DEVODULATOR. TWO INPUTS EQUIPMENT 

EQUALIZES 


AND 
MONITORING. RESPONSE. 


TRANSMITS 


ER 
- SIDE BAND 


LOWER CHANNEL FREQUENCY BAND . 
SIDE BAND ~~ (60 TC 108 KC) 


DIRECTICN GF TRANSMISSION 


- Wig. 8-4 - Simplified Schematic of Type A5 Channel Démodulator 


9 UWALAVHO 


MINVE TANNVHO-ZI SV 


CHAPTER 8 A5 12-CHANNEL BANK 


than the average magnitude of input voice currents. For such a condition 
the output of the modulator is largely controlled by the magnitude of the 
voice-frequency voltage. When the input voice currents increase in mag- 
nitude, the output of the modulator increases linearly up to a point where 
the output compresses from the linear relationship. This condition occurs 
when the magnitude of the voice-frequency currents approaches the mag- 
nitude of the carrier. Any further increase in the voice-frequency volt- 
ages will then produce a smaller and smaller increment in the output of 
the modulator until a point is reached where the voice-frequency currents 
will no longer produce a change in output. One could consider this as a 
condition where the effect of the voice and the carrier voltages on the mod- 
ulator are reversed. The carrier supply for both modulators and demod- 
ulators is obtained from a common carrier supply. 


High-Pass Filter: A half-section high-pass filter is provided in the A5 
channel bank between the modulator proper and the resistance pad. This 
filter presents a high impedance and attenuation to the voice-frequency 
signals appearing at the output of the modulator and offers very little 
attenuation to the desired carrier sideband signals. 


Resistance Pad: A resistance pad of approximately 10 db for the A5 bank 
is provided between the modulator and the modulator band filter. This pad 
reduces the interaction between the modulator and band filter and attenuates 
the carrier sideband signals, providing a means by which the modulator 
circuit loss may be adjusted to meet performance requirements. This pad 
is adjustable over a range of +2.5 db in 0.3 db steps to permit the output 
of each channel to be adjusted to the same level (usually at the output of 
the transmitting amplifier). Grounds are placed at the midpoint of the 
shunt resistance of the pads and at the midpoint of the 600-ohm winding of 
the transmitting hybrid transformer to balance the circuit for the opera- 
tion of the crystal band filter. This is an important adjunct in obtaining 
the high suppression to unwanted frequencies. 


Band Filters: The varistor modulator produces the usual two (upper and 
lower) sidebands and the lower one is selected by the crystal channel band 
filter. Since in this portion of the modulator circuit a frequency range of 
60 to 108KC is involved, filters of the crystal type are particularly suitable. 
In addition, this type of filter permits a wider transmitted band for a given 
channel spacing, a more uniform attenuation over the band for a given 
transmission loss, and a smaller and more cormnpact assembly than could 

be obtained with the coil and capacitor type of filter. 


The 561-type filters used in the A5 channel bank differ mechanically from 
previous channel bank filters, in that the transmitting and receiving filters 
are packaged in a single container. The electrical design of these filter 
units, however, is the same as that of the 536-type and 219-type which are 
used in the A4 and A2 channel banks, respectively. The filter units consist 
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of only one lattice section; however, there are two crystal units connected 
in parallel in ‘each lattice arm. 31E-type crystal units and 1509-type 
ferrite inductors comprise the major component apparatus. Although both 
filter units are mounted on a common chassis, the judicious placement of 
shielding devices has resulted in crosstalk suppression consistent with 
present design objectives. A schematic and representative frequency 
characteristics are shown in Figs. 8-5 and 8-6. The entire assembly is 
packaged in a drawn steel container and is hermetically sealed. The — 
approximate over-all dimensions are 4-7/32" by 2-23/32" by patnegn not 
including terminals and mounting studs. : 


Impedance Transformation Cir cuit: A 485A scenbenas ia network is 
bridged across the common side of the modulator band filter circuit to 
improve the transmission characteristics of the upper and lower channels. 
Without the compensating network, the channel transmission frequency 
characteristic on the end channels (Channels 1 and 12) is likely to have _ 
unwanted slopes and rounded instead of sharp corners at 200 (Channel 1). 
and 3400 cycles (Channel 12). Associated with the modulator band filters 
and this compensating network is a 600 to 135 + 135-ohm hybrid trans- 
former. This transformer provides a 600-ohm balanced impedance for 
the operation of the band filters, and matches the 135-ohm balanced cir- 
cuit of the group modulator circuit. One of the 135-ohm outputs feeds the 
regular group modulator while the other appears at the CH BANK OUT 
ALT jacks. The second output is provided to facilitate switching a work- 
ing bank to other apparatus without interruption. 


Demodulator Circuit. | | — 
Impedance Transformation Circuit: The operation of the demodulator cir- 
cuit is similar in general principle to that of the modulator circuit. The 
60 to 1O8KC band making up the 12 channels enters the receiving side of 
the circuit through an impedance matching transformer and compensating 
network (see Figs. 8-1 and 8-4). The impedance matching transformer is 
a hybrid transformer having an impedance ratio of 135 to 600 + 135 ohms. 
This transformer provides a second output which can be used for switch- 
ing to a carrier program terminal or other equipment. When this latter | 
feature is not required, the winding is terminated in 135 ohms. 


Band Filters: The demodulator band filters select the individual 4KC 
lower sideband for each of the 12 channels in the 60 to 108KC range. ‘Each 
of these individual bands is transmitted from its respective filter to its 
associated demodulator circuit. As indicated above, the demodulator and 
modulator band filter characteristics are equivalent for the same channel. 


Resistance Pad: The 10.7 db resistance pad in the demodulator circuit is 

used between the demodulator band filter and the demodulator to present a 
good impedance to the demodulator band filter, and terminate the demodu- 
lator band filter. Unlike previous channel banks, adjustment is not needed 
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in this pad, since the demodulator amplifier gain control suffices for an 
adjustment to either the +4 db or +7 db level at the DEM OUT jack without 
degradation of performance. 


High-Pass Filter: The half-section high-pass filter between the resistance 
pad and the varistor demodulator serves the same purpose as a similar 
filter in the modulator circuit. It effectively reduces the loss of the de- 
modulator by about 4 db through a better impedance match. 


Demodulator: In each demodulator the 4KC carrier frequency band is de- 
modulated with the channel carrier frequency. The modulation products 
consist of both the upper and lower sidebands. The demodulator is-iden- 
tical with the modulator but it is poled oppositely on the carrier supply so 
that dc components of modulation in the modulator and demodulator neutra- 
lize each other and thereby avoid developing an undesirable voltage bias. 
The poling also reduces somewhat the amount by which stray EP equencice | 
have to be suppressed in the carrier supply. : 


Demodulator Amplifier: The voice energy resulting from the modulation 

of received sideband energy with carrier enters the demodulator amplifier 
through the input transformer. This input transformer isolates dc currents 
of the demodulator varistor circuit from the amplifier. Voice currents are 
passed to the three-stage transistor amplifier consisting of Ql, Q2, and Q3 
as shown in Fig. 8-7. The portion of the output signal appearing at the 
emitter of Q3 is fed back to the emitter of transistor Ql for stabilizing the 
gain of the amplifier. A shaping network is provided in this feed-back 

path to compensate for the 200 cps increased loss due to the band filters. 
Output transformer T2 isolates and balances the amplifier and terminates 
the collector circuit of transistor Q3 in the 600-ohm balanced voice cir- 
cuit. The gain of the demodulator amplifier is adjusted by variation ofa 
950-ohm potentiometer located at the voice-frequency patch bay. This 
potentiometer serves to control a portion of the feed-back signal and 

allows the gain to be varied over a range of approximately 12 db, a typical 
demodulator amplifier providing a gain of approximately 29 to 41 db. 

Supply voltage from the demodulator amplifier is central office filtered 
battery, -24 volts. Current drain for each modem is 66 +6 milliamperes 
dc. Total current drain for the complete A5 channel bank with twelve 
modem units installed is approximately 792 +20 milliamperes dc. 


Due to the wide range of the amplifier, carriers in the 60-108KC range 
are present at the DEM OUT jacks at a level approximately 25 db below 
signal level. Excessive leak may indicate a poor balance in the demodu- 
lator circuit. | 
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8.3 TRANSMISSION FREQUENCY CHARACTERISTICS 


Fig. 8-8 shows a qo Gharnel average transmission frequency characteris- 
tic of an A5 prototype channel bank. The 485A impedance transformation 
network and a shaping network in the demodulator amplifier provide the 
necessary equalization for each channel. In all A-type channel banks, 

the equalization provided serves to correct for two similar filters, one 
transmitting and one receiving. Consequently, when one type of bank is 
used at one terminal (either transmitting or receiving) and another type 
is used at the other terminal, the equalization provided by this feature 
may be slightly degraded at the edges of the band (200 and 3200 cps). 
When the A5 is used with an A2- or A4-type channel bank, there is no 
degradation; when used with Al or A3 there is slight degradation since the 
filter characteristics are somewhat different at the band edges. It is 
therefore desirable, where practicable, to assign A5 channel banks so 
that they operate with other A5 channel banks or, when required, AZ- or 
A4-type banks. 


The bandwidth, measured at the points where the attenuation is 10 db higher 
than the attenuation at 1000 cycles, is about 3400 cycles. The upper and 
lower 10 db points fall at about 110 and 3500 cycles respectively for aver- 
age temperature conditions. The effect of the 4-wire terminating set is to 
sharpen the cutoff below 200 cycles. 


The modulator in the channel bank provides load limitation. A representa- 
tive load characteristic of the modulator and demodulator is shown in Fig. 
8-9. The modulator is the main contributor because it operates at a high- 
er transmission level than the demodulator. It will be noted that normal 
volume speech is not appreciably affected by the limiting action; however, 
the peaks of very loud speech are effectively limited by the limiting action. 
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Fig. 8-7 - A5 Demodulator Amplifier 
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CHAPTER 9 


TYPE "J' CARRIER TELEPHONE SYSTEM 


9.1 INTRODUCTION 


This chapter describes the third one of the triumvirate of broadband carrier 
systems, the type "J'' carrier system. This system provides twelve 2-way 
long~haul telephone channels on one open-wire pair, and has frequency 
allocations such that a type "C' carrier system and a voice-frequency 
system can also be operated on the same pair. Thus, with the advent of 

the type "J'' system, one open-Wire pair became. capable of furnishing a 
total of sixteen 2-way telephone channels. 


The development of the type "NT! system began. at about the same time as 

that of the type "K' and type 'L' systems, and reached the stage of a field 
trial ona 250-mile line between Wichita, Kansas and Lamar, Colorado in 
1937 and 1938. The initial system, known as the Jl, had only one line . 
pilot for each direction of transmission, for controlling the gains and slopes 
of the amplifiers. This was found to be inadequate under sleet conditions, 
which led to the development of the J2@ system with two line pilots. Since 
practically all of the J1 systems have now been converted to J2, this chapter 
will describe only the J2 carrier system. 


Although many of the feshaieme used in the type "J'' system resemble those 
to be described for the type '"L'' and "K' systems, there are numerous 
differences due to the special character of the open-wire lines on which the 
type "J" systems are used. In the first place, the loss and the loss-versus- 
frequency characteristic of an open-wire line are much less stable than in 
the case of cable pairs of coaxial circuits, being affected not only by 
temperature but even more by other weather conditions, such as rain or 
sleet, from which cable conductors are protected by the cable sheaths. 
Secondly, open-wire pairs are wholly unshielded from surrounding electric 
and magnetic fields, whether due to radio waves, atmospheric static, 
neighboring power systems, or other telephone wires on the same pole line. 
These facts increase the severity of the regulation, equalization, noise, 
and crosstalk problems. These problems are solved by the use of suitably 
spaced repeaters which deliver high transmission levels to the line, by the 
system of equalization and regulation employed, and Py the use of specially 
designed Ener epoess0n systems on the line. | 


A third point in which open-wire lines differ from cable circuits is in their 
lack of homogeneity. Open-wire lines are no longer permitted to enter the 
streets of a city, and therefore the circuits must be extended from the 
environs of a city to a toll office in its center by means of "toll entrance! 
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cables. Intermediate cable sections are also frequently used for river 
crossings. Thus, a long open-wire line always contains numerous short 
lengths of cable. This is illustrated in Figure 9-1, which shows the lay- 
out of a line between Houston and New Orleans. The cable sections must 
of course be arranged to transmit the type '"J'' carrier frequencies. This 
is done by using either ordinary nonloaded twisted pairs, or by means of 
special, usually loaded, spiral-4 conductors placed in the cables for that 
purpose, as described more fully in a later section. 


Since open-wire conductors are unshielded from ambient electric and 
magnetic fields, open- -wire lines cannot be made to furnish electrically 
isolated groups of pairs such as can be obtained by means of two cables on 
a cable route or by installing shields ina cable. For this reason, the two 
directions of transmission of an open-wire carrier system must be separated 
by the use of different frequencies rather than by the use of different 
conductors. In the type "J' systems, the west-to-east channels are trans- 
mitted in the lower part of the frequency range between about 36 and 84 | 
kileocycles, and the east-to-west channels are transmitted in the upper part 
oi the frequency range between about 92 and 142 kilocycles, The two | 
oppositely directed groups of channels are sent on the same pair and are 
separated from each other by directional filters at each repeater point. 


In order to reduce crosstalk between systems operating on the same pole 
line, the type "J'' systems have been provided with four slightly different 
frequency allocations in the above general ranges. These are designated 
the JNA, JSA, JNB, and JSB systems. | 


In the terminals of a type "J" system, the twelve telephone channels handled 
by the system are modulated and combined to form a basic group of channels 
lying between 60 and 108 kilocycles, by the same channel bank which is used 
in the type "'K'! and type "L"' systems. The basic group is translated to the 
desired frequency allocation on the line by group modulators that are © 
different from those used in the other carrier systems, requiring two stages 
of modulation in the sending end and two stages of demodulation in the 
receiving end of the system. Since the basic group is alike in all the 
broadband systems, interconnection may be made between type "J"! and 

type 'L" systems or between different type "J"! systems by patching the 
basic group, thus avoiding the necessity of reducing the channels: att the 

way to voice frequencies in order to paeen them. 


The grade of transmission afforded by the type "J'! system meets the 
standards for long toll circuits, except under extreme sleet conditions. 
The bandwidths of the channels are the same as for type "K'' and type "L" 
systems. Under severe ice conditions, the equalization of the system may 
be impaired, and may even be unsatisfactory if the condition exists in - 
several repeater sections. The transmission velocity over long single 
links is about 115, 000 miles per poCOne including the effect of the filters 
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in the repeaters and the terminals. The noise objective for average channels 
of type "J" systems is 29 dba at the -9-db transmission level, when an 
average 4000-mile connection consisting of five links is assumed. This 
value may be exceeded. on the worst channels under severe static or sleet | 
conditions. 


The type "J" system will be described in somewhat greater detail in the 
remainder of this chapter. The features unique to the type "J" system will 
be emphasized. Those features involving techniques that have been described 
in the preceding chapters will be covered in less detail. 


9.2 DESCRIPTION OF TYPE "jy" TERMINALS 
General Modulation Scheme - Frequency Allocations 


The function of any carrier terminal is to translate the telephone channels 
handled by the system from voice frequency to their allotted frequencies 

on the line and vice versa, and to supply the required line pilots. In the 

type "J" terminals, three stages of modulation or demodulation are em- | 
ployed to perform the frequency translations. The first stage of modulation | 
and the last stage of demodulation occur in the channel bank which, as 

stated earlier, is the same as that employed in the type "L*' and type nK 
systems. It converts twelve 2- or 4-wire telephone circuits from the toll 
switchboard into an outgoing and an incoming basic group of channels in 

the frequency range between 60 and 108 kilocycles. 


The second stage of modulation and of demodulation occurs in a group modu- — 
lator and a group demodulator which are the same for all type "J" carrier 
terminals. These perform the translations between the basic group _ 
frequencies of 60 to 108 kilocycles and a group lying between 400 and 448 
Kilocycles, using a carrier of 340 kilocycles. It is at this point, also, 

that the line pilots are introduced. The third stage of modulation translates 

. the 400- to 448-kc band to its assigned frequency allocation on the line, and 
the first stage of demodulation* does the converse of this, translating the 
line signals to a band between 400 and 448 kilocycles. The carrier frequen- _ 
cies required here, of course, depend upon whether the terminal is an | 
East or a West terminal and whether the system isa JNA, JSA, JNB, or 

JSB system. | 


As noted in Section 9.1, these designations refer to four slightly different 
frequency allocations, adopted to minimize crosstalk between type "J" 
systems on the same pole line. These allocations, and the corresponding 
carrier frequency required for the last group modulator at the sending end © 
or the first group demodulator at the receiving end, are given in the table © 
of Figure 9.2 


*In this description, the term "modulation" is applied to the processes in 
the sending terminal and the term "demodulation" oer the modulation 
processes in the receiving terminal. 


9.4 


CHAPTER 9Y TYPE "J" CARRIER TELEPHONE SYSTEM 


It will be noted that the frequency allocations for the west-to-east direction 
are the same for all four type "J" systems except that in two of them the 
channels. are inverted. In the east-to-west direction-the allocations are 
staggered in increments of one kilocycle, two of them being also inverted. 
The advantages of these allocations from the crosstalk standpoint will be 
discussed in a later section. 


West to Fast | East to West 


Frequency Band Frequency Band 
system on Line (kc) Carrier on Line (Kc) Carrier 
JNA 36-84 (U) 484 kc 92-140 (L) 308 kc 
JOA 36-84 (Lj) | 364 95-143 (U) 543 
JIB 36-84 (U) — 484 93-141 (U) 541 
JSB 36-84 (L) 364 94-142 (L) 306 


- Note: (U) and (L) indicate whether the indi- 
vidual telephone channels appear on the 
line as upper or lower sidebands, that 
is, whether they are normal or inverted 
with respect to the original speech bands. 


Figure 9-2 Frequency Allocations of Type "J" Carrier Systems 


The terminal equipment must also supply the line pilots. The frequencies 

of the pilots on the lines are the same for all four of the type "J" allocations, 
and are 40 and 80 kilocycles in the west-to-east direction, and 92 and 143 
kilocycles in the east-to-west direction. The 80- and 92-kc pilots are 

used for flat-gain regulation, while the 40- and 143-kc pilots are used for 
Slope regulation as described later. The pilots are actually injected at. 

the input to the first group modulator at such frequencies as to reach the 

line at the above frequencies after passing through the two group modulators. 
See Figure 9-1. 


Description of Terminal Equipment - Refer to Figures 9-3, 9-12 


With the above general information regarding the functions of the terminal 
equipment in mind, we may now examine in somewhat greater detail the 
arrangement of equipment that performs these functions. A block diagram 
ofa type "J'' terminal is shownin Figure 9-3. The 4-wire voice-frequency | 
patching bay and the channel modem bay in the upper left of the figure are 
parts of the channel bank. | 


The channel bank is connected to the group terminal equipment through 
the normals of the high-frequency patching jacks. At these jacks, the | 
Signals are in the form of the basic channel group lying between 60 and 
108 kilocycles, and have the transmission levels of -42 decibels in the 
transmitting direction and -5 decibels in the receiving direction. The 
nominal impedance at these jacks is 135 ohms. 
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Group Transmitting Circuits 


Figure 9-3 shows that the basic group from the channel bank, after passing 
through the high-frequency jacks, is routed through a band-elimination © 
filter to the input of the first group modulator. At a west terminal the . 
band-elimination filter attenuates two of the channel carrier leaks (64 and 
104 kc) which might interfere with the two line pilots. At an east terminal, 
the filter attenuates all of the channel carrier leaks as a precaution against 
their introduction by crosstalk as fixed tones in the channels of adjacent 
staggered systems (type "J" systems having one or more of the other 

three allocations). The modulator itself is a lattice-type copper oxide | 
modulator such as is shown in Chapter 6. 


Figure 9-3 shows the line pilots, from the carrier and pilot channel supply 
equipment (lower left of Figure 9-3), being applied to the input of the first 
group modulator, as wellas the channel group. The input of this modulator 
includes a hybrid circuit (not shown) and the channel group and the pilots 
are applied to the modulator through conjugate terminals of the hybrid 
circuit. As noted earlier, the carrier applied to the first group modulator 
is 340 kilocycles. The upper sideband of this modulation process, con« 
sisting of a band from 400 to 448 kilocycles, is selected by a coil-and- 
condenser type of filter for transmission to the second group modulator. 
Following the filter is a 2-stage feed-back amplifier with about 27. 5-db 
gain to raise the level of the signals applied to the next modulator. 


From the amplifier, the signals are applied to the input of the second 
group modulator which is also a lattice-type copper oxide modulator. The 
carrier frequency for this modulator is one of those listed in Figure 9-2, 
depending upon whether this is a west or an east terminal, and which of 
the four frequency allocations the system is to have. The modulator is 
followed by a low-pass filter of the coil-and- condenser type which attenuates 
all frequencies above about 150 kilocycles to remove unwanted high- 
frequency products of the last modulation process. Following the filter is 
a deviation equalizer which corrects for distortions introduced by the 
several filters in the transmitting terminal. At east terminals there is 
also a supplementary high-pass filter which attenuates unwanted products 
from the last modulator which are below about 90 kilocycles, to eliminate 
near-end crosstalk. 


The group of line frequencies is amplified by a transmitting amplifier, 
which is considered a part of the terminal in the type "J" systems. This 
is a 3-stage feed-back-type amplifier having a flat-gain over the entire 
range from 36 to 143 kilocycles. The last stage of the amplifier consists 
of four 311A heater-type pentodes in parallel and delivers a level to the 
line +17 decibels with respect to the transmitting toll switchboard. The 
output of the amplifier is applied to the line by way of the transmitting 

- side of a directional filter which separates the outgoing and incoming | 
frequency groups. The nominal impedance at both the Ee and the out- 
put of the Cae Ae nae amplifier is 125 ohms. 
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Figure 9-3 Over-all Schematic ofthe Type J2 | : 
| Carrier Telephone Terminal 
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Group Receiving Circuits 


As shown on Figure 9-3, the received line frequencies are separated from — 
the transmitted frequencies by a directional filter. At an east terminal, 

the received signals are applied to a regulating amplifier whose input 
circuit contains a slope-regulating network and a flat- gain regulating network. 
At a west terminal, which receives the high-frequency group of signals, 
more gain is required. There are therefore two amplifiers, one following 
each of the regulating networks. In both cases, the regulating networks 

are controlled automatically by the received line pilots. ~This control is 
similar to that employed in the line repeaters to be de scribed later, except. 
that in the terminals the pilots are picked off after passing through both 
group demodulators. The controls are effected by sensitive marginal 
relays, operated by the pilots, which actuate motors that adjust the regu- 
lating networks as required to maintain the level of the pilots substantially 
constant at the point where they are picked off. 


The single amplifier used in an east terminal and the two amplifiers used 

in a west terminal, each are 2-stage amplifiers. Both east and west termi- 
nals include in their receiving amplifier portion of the circuits a deviation 
equalizer to compensate for the distortions introduced by the various filters 
in the receiving circuits and an auxiliary filter to supplement the receiving 
directional filter and further to attenuate the transmitting group of frequen- 
cies. In west terminals, the auxiliary filter is placed ahead of the amplifiers 
to prevent possible overloading by the unwanted frequencies. The west 
terminals also include a basic equalizer to help equalize the line, and a 
high cutoff (about 170 kc) low-pass filter to exclude unwanted high frequen~ 
cies from the line, such as might be picked up from power line carrier 
systems, radio, or atmospheric static. 


. The features so far described, which are similar to features of line repeaters, 
will be more fully described ina later section. 


After emerging from the receiving amplifier circuits, the signals are 
applied in succession to the two group demodulators. These are copper 
oxide structures similar to the modulators in the transmitting branch of 
the terminal. The first group demodulator is supplied with the appropriate 
one of the carriers listed in Figure 9-2 and translates the line frequencies 
to a band between 400 and 448 kilocycles. The second group demodulator 
is supplied with a 340-kc carrier and translates the frequencies to the | 
basic group band between 60 and 108 kilocycles, suitable for application 

to the channel banks. Each modulator is followed by the necessary filter 
to select the wanted output band, and the final mod aia tor is followed by an _ 
auxiliary 2-stage flat-gain amplifier having a fixed gain of 45 decibels to 
raise the signals to the standard level of - 5 decibels required tor the 
channel bank. — 
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Carrier and Pilot Supplies 


The carrier and pilot supplies are shown functionally in the lower part of 
Figure 9-3. Many of the techniques employed in: these circuits are similar 
to those described in the two chapters for the type "K" and type "L" systems 
and will therefore not be described in great detail here. All of the carrier 
frequencies which are multiples of 4 kilocycles are derived from harmonics 
of a basic 4-kc frequency, as in the type "K'' system. The basic 4-kc 
frequency is obtained from a tuning-fork-controlled oscillator, and the 
harmonics of this frequency are generated by a saturated coil circuit. The 
output of the harmonic producer appears on two leads, the odd-harmonic 
bus and the even-harmonic bus. The particular harmonics needed for each 
carrier are picked from these busses by means of filters. -In this way are 
obtained all of the carriers needed for the channel bank, the 340-kc carrier 
for the first group modulator, and the 308-, 364-, and 784-kc carriers 
when needed for the second group modulator. 


For some of the type "J" system allocations, the second group modulators 
require carrier frequencies of 306, 541, or 543 kilocycles, which are not 
multiples of 4 kilocycles. To produce these, use is made of another base 
frequency, 5 kilocycles, whichis generated by a tuning fork oscillator like 
the 4~kc oscillator. The 543-kc carrier is obtained by selecting the 137th 
harmonic of 4 kilocycles, namely 548 kilocycles, and modulating this 
against 5 kilocycles in a second-order modulator. The output component 
corresponding to the difference, 548-5, is the desired 543-kc frequency. 
The 541-kc carrier is obtained by selecting the 67th harmonic of 4 kilocycles, 
or 268 kilocycles, and modulating this against 5 kilocycles in a third-order — 
modulator. Ina third-order modulator to which frequencies fj; and f, are 
applied, output components of ef, + f are obtained ( see equations ' | 
Chapter 5). In the present case, fy = 268 and f, = 5, and the.desired out-— 
put is (2 x 268) + 5 = 541 kilocycles. Similarly, to obtain the 306-kc 
carrier, 316 kilocycles (the 79th harmonic of 4-kc) is modulated against 5 
kilocycles in a third-order modulator, resulting in an output whose frequen- 
cy is 316- (2 x 5) or 306 kilocycles. The modulator used in these circuits 
all employ copper oxide varistors, and are followed by filters to select the 
desired output component. Amplifiers are required in each circuit to ob- 
tain the needed carrier levels. | 


There remain the line pilots. At the point where these are introduced into > 
the transmission circuits, at the input to the first group modulator, the » 
required frequencies are 64 and 104 kilocycles in all west terminals, 60 
and 111 kilocycles in east terminals of JNA or JSA systems, and 58 and 

109 kilocycles in east terminals of JNB or JSB systems. These pilots 
frequencies are generated by individual vacuum tube oscillators. For the 
last mentioned pairs of frequencies required at east terminals, the oscil- 

_ lator frequencies are controlled by quartz crystals in the oscillating cir- 
cuits. The frequencies 64 and 104 kilocycles required for the west terminals 
are identical with two of the channel carrier frequencies. For these cases, 
therefore, the crystals are omitted from the oscillators and the frequencies 
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are accurately controlled by applying the 64- and 104=kc chamael carriers 
to the grids of the oscillator tubes, locking the oscillators in step with 
those frequencies. The amplitudes of the pilots are adjusted so that their 
levels at the input to the line are each -3 dbm, where the transmission 
levels of the carrier channels are +17 decibels relative to the sending toll 
switchboard. The frequencies of the pilots when they reach the line are in 
every case, as noted earlier, 40 and 80 kilocycles out of west terminals 
and 92 and 143 kilocycles out of east terminals. — 


Most parts of the carrier and pilot supply circuits are provided in duplicate _ 
for greater reliability, with various alarm features and automatic transfer 
circuits which will not be described. One set of supply circuits is adequate 
for supplying ten J2 systems, provided not more than seven.of them have 

the same frequency allocation. | 3 


9.3 REPEATERS 
Gene ral : 


The type NJ " repeaters must, of course, provide the gain, equalization, 
and regulation to compensate for the changeable line conditions which were 
described in the last section. The regulating features include automatic 
flat-gain and slope adjustments under control of two pilots in each direction 
of transmission. These are not different in basic principle from the flat- 
gain and: slope regulation provided in the type "K" system as described in 
Chapter 10, but they must accommodate a wider range of conditions... Un- 
like the repeaters of the previously described carrier systems, the type 
"J" repeaters are different for the two directions of transmission because 
of the different frequency ranges and the consequent diffe rent line losses in 
the two directions. 


The normal output level of each repeater is the same as that of the terminals, 
or +17 decibels. The output level of a repeater may be temporarily raised 

to +27 decibels without intolerable overloading, to take care of sections 
during severe sleet conditions. This is done by decreasing by 10 decibels 
the sensitivity of the pilot control circuits so that they automatically regulate 
to the higher level. All amplifiers are designed with negative feedback. 

This produces a high degree of stability, the gain being substantially inde- 
pendent of tube changes and battery voltage variations. For the same reason, 


the modulation is very low, the second- and pineal rmodulation products 
from a single-frequency testing tone of normai le rel being 75 and 95 decibels, 
respectively, below the fundamental. The maxi: um gains which can be 


obtained from the repeaters are 46 decibels in ae west-to-east direction 

and 77 decibels in the east-to-west direction. The maximum gains that can 
be used under normal weather conditions are, of course, much less than 
these values, and are largely controlled by noise conditions. . : 
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Figure 9-5 Frequency Allocations of Type J2 ‘Carrier 
Telephone System 
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The repeaters are divided into two classes, main and auxiliary.. These 

are electrically and functionally similar. The main repeaters are in 
attended stations and are usually in the same locations as the repeaters of 
type "C" and voice-frequency systems on the same pole line. The auxiliary 
_ repeaters are unattended and are placed between the main repeaters. The 
number required depends upon whether the area is normally subject to 
sleet. With repeater spacings of 70 miles, fair performance can be ex- 
pected for attenuations due to sleet which are as great as five times the 

dry weather values. In nonsleet areas, longer spacings may be employed. 


' Each line must be engineered for the particular conditions expected in the 


area it traverses. 


Repeater Spacings 


The permissible spacing of repeaters is determined in the final analysis by 
noise, where the term "noise" includes line and repeater noise, -crosstalk, 
and modulation. : 
In the type "J'" case; the objective is a total noise of 29 dba on an average 
channel at a transmission level of -9 decibels, for a 4000-mile connection 
consisting of five links. It is computed in practice for the top channel 
whose frequency is taken to be 140 kilocycles, and the noise on this channel | 
_is allowed to be about 2 decibels worse than the average. Figure 9-6 shows 
the division of the total noise. For single links of shorter bone L, than 
4000 miles, these eel are reduced by 10 logo aoe, db. 


Noise at -9-db level . 


(4000 miles) | 

Average — Top, 

Channel) Channel » 

Line and repeater noise 26 dba 27 dba - 

Unintelligible crosstalk | 21 25 _ 
Modulation 22 Ze 
Terminals. :* 20 20 | 

- Total, (power addition) — 29 dba ' 31 dba 


Figure 9-6. Noise on Type "Ji Systems 


The largest item in the table of Figure 9- 6 is the line and repeater noise. 
. This noise on a particular section is expressed in terms of the noise at the 
+ Input of the repeater that terminates the section. The contribution of the 
: section to the total system noise is determined by increasing the noise at 
the repeater input by the difference between the standard -9-db level at the 
system terminal and the level at the repeater input. Itis therefore evident 
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that when sleet conditions in a section increase the line loss and depress’ 

the level at the repeater input, the contribution of that section to the total 
system noise is correspondingly increased. This indicates why repeater , 
sections must be mace shorter in sleet areas. 


The equivalent repeater noise at the repeater input is only about -30 dba, 
and is too low to have an appreciable effect on the total noise. The line 
noise at the end of the wire section may be due to induction from power 
line carrier systems, to radio waves, or to static. The noise from power. 
line carrier systems ordinarily occurs only in occasional sections where 
exposure exists, and must be considered on an individual basis. Static is 
a type of noise to which open-wire lines are universally exposed, andisa 
function of the thunderstorm incidence (TSI) which varies in different parts 
of the country. For a TSI of 1000 and a one per cent field strength (field 
strength exceeded one per cent of the time), the static noise at the input 
of a type "J" repeater (assuming lines with J5 transposition systems) is -4__ 
dba at 80 kilocycles and -7 dba at 140 kilocycles. These figures allow 3 
decibels for the fact that thunderstorms seldom occur simultaneously over © 
all of a 4000- mile system. For other values of TSI than 1000, the noise 
. figures may be corrected by adding 10 logjg ro00" db. Data are available 


7 regarding the thunderstorm incidence in various parts of the country. The 
values given are yearly averages and actually vary during the year. Curves. 
are available (see BSP AB25. 140) which show the distribution of the noise 
magnitudes around the one per cent values given above and the approximate 
number of hours they occur in the 5-month thunder storm period from May 
perme September. 


The actual layout of repeaters ina particular system requires computing 
the system noise for different assumed repeater locations by methods in- 
volving the above considerations. | 


Repeater Circuits - Regulation 


The general arrangement of a type J2 repeater is shown in Figure 9-7. The 
repeater is terminated at both ends in directional filters which separate 

from each other the high- and low-frequency bands used for the two directions 

oftransmission. By comparing Figure 9-7 with the terminal circuits shown 

in Figure 9-3, it is seen that the repeater circuits up to the final line 

amplifier in each direction are much like the terminal receiving circuits 

up to the first group demodulator, the west-to-east repeater branch resembling 

the circuits at an east terminal, and the east-to-west repeater branch 
resembling the west terminal circuits. The line amplifiers of the repeaters | 

are eae to the transmitting se of the terminals. | 


The west- to- east pranen, which eae ies the low-frequency channels lying 
between 36 and 84 kilocycles, begins with a regulating amplifier which in- 

cludes in its input circuits a slope-regulating network and a flat-gain regu- 
lator, The auxiliary filter which follows the regulating amplifier augments 
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_ the directional filters and increases the loss at the higher frequencies 
amplified in the other branch of the repeater. It safeguards against over- 
load and modulation difficulties in the amplifier and against having too 

little loss in the loop circuit around the two branches of the repeater when 
‘the gains are high. The auxiliary filter is followed by a deviation equalizer 
. to remove residual irregularities from the over-all transmission charac- 
teristic, and by a line amplifier which is a flat- gain amplifier identical 
with the transmitting amplifier at the terminals. | 


The regulating amplifier is shown in somewhat more detail in Figure 9-8.) — 
The pilots which control the regulation are picked off by filters at the out- 
put of the line amplifier (see Figure 9-7), and after being amplified and 

rectified each is applied to a sensitive marginal relay. A change in the 

level of a pilot of t0.5 decibel causes‘ the relay to close oné or the other of 
two contacts. This operates a motor geared to the movable plate of the 


oo control capacitor shown in Figure 9-8 in such direction as to restore the 


_ pilot to its proper level. The relays are of the sensitrol type which give 
a firm, positive contact by the use of magnetic attraction between the 
movable contact which is of iron, and the fixed contacts which are magnets. 


All contacts are silver-plated. The magnetic contacts do not readily 


release, so automatic means are provided to reset the sensitrol relays 
about every 4 seconds, to stop the movement of the motors when sufficient 
correction has been obtained. 


The slope-regulating network consists of a series of sections, and the 

“movement of the capacitor plate effectively shifts the point along the nei- 

work at which the output potential is derived. Although the network contains 

discrete sections, the regulation is continuous because of the design of, the 

-movable capacitor plate so as to overlap the: sections of the fixed plate. 

A similar effect occurs in the flat-gain regulator, whose dual- stator | 
capacitor can select any fraction of the impressed voltage. 


The regulating arrangements for the west-east direction are designed to . 
have sufficient range to compensate for the loss and characteristic with 
frequency of the line under all but extreme conditions. They, therefore, 
‘provide both the regulation and the basic equalization, and additional basic 
equalizers such as are used in the K and L carrier systems are not re- 
-quired. The flat-gain adjustments occuring automatically and Eaten: 


In the east- to-west branch. of the repeater, more gain is required Because 
.of the greater loss of the line in the 92- to 143-kc range of frequencies used 
in that direction. The regulating portion of th circuit, therefore, includes 
two amplifiers, one following each of the LEQ Un. img networks. The east- 
to-west regulating arrangements are shown in figure 9-9. These are | 
generally similar to the arrangements just described for the other repeater 
branch, except that the sections of the slope-regulating network are con- 7 
nected in parallel rather than in tandem. The flat- gain is controlled by the 
92-kc pilot, and the slope by the 143-kc pilot in the same manner as for 
the west-east branch. Both pilots are picked off at the output of the line 
amplifier. 
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Figure $7 Block Schematic of the Type J2 
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A. special feature is an auxiliary flat-gain control which is operated by the © 
-143+kKc slope pilot for a small region at one end of its range. This feature 
comes into action under extreme sleet conditions, when the slope regulator . 
alone would have insufficient range to prevent abnormally high levels from - 
being impressed on the line at the high-frequency end of the transmitted 
~pband. The auxiliary flat-gain control, of course, reacts on the regular 
flat-gain control because of its effect on the 92-kc pilot, sending the regular 
flat- gain adjustment to the end of its range. The net effect is a gain 
deficiency which varies from 5 decibels at 92 kilocycles to 0 decibel at 
' 143 kilocycles.. Since the extreme sleet conditions that could cause this 
are not generally very widespread, the gain deficiency i is usually made MP 
at. the next repeater. | 
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Figure 9-9 East-West Regulating Amplifier 
Circuit 


The. east-to-west regulating circuits are not quite adequate to take care of 

“all the required basic equalization. The east-to-west line amplifier is 

‘therefore designed to provide part of the equalization. This is done by 
means of a network in the feed-back circuit. : 
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9.4 CROSSTALK PROVISIONS AT REPEATER STATIONS 


The crosstalk between open-Wire pairs is saci to acceptable limits by 
transposing the wires and by staggering the frequency assignments of 
adjacent type "J" systems on the same pole iine, as explained earlier. 
Additional precautions are required at the repeater stations, which will 
now be discussed. These are necessary largely because of the effect of 
the gain of the repeaters on the interaction crosstalk. 


The principles as applied to type "5 ‘auxiliary vepeaters are illustrated in 
Figure 9-10. Usually not all of the pairs on 2 aon line are equipped with 
type 'J' systems. The tyce "J' auxiliary repeaters are located at points 
where the non-Jj pairs have no voice-frequerncy or type 'C' repeaters. 

The non-J pairs therefore provide "tertiary" paths which can conduct the 
interaction crosstalk from one side te the other of the type '"J'' repeater 
station. To illustrate this, Figure 9-10 shows three pairs, pairs 1 and 3 
being equipped with auxiliary type 'J'' repeaters, and pair 2 paNAnE no 
repeater. Three possihle crosstalk paths are shown. 
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Figure 9-10 Coupling Paths Requiring Crosstalk-suppression 
Filters and Separation of Hast and West Cabling 
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Consider: crosstalk path A. ‘Starting at the output of the east-to-west type 
"3" amplifier on pair I (transmis sion level +17 db), the carrier speech 
channels pass westward through the directional filter (pass band 92-kc to 
infinity) and the line filter (pass band 36-kc to infinity), where they join the 
type ''C' and voice-frequency signals coming from the 0- to 32-kc line 
filter, in the low-frequency branch. In the line proper, dissymmetries of 
pair. 1 with respect to the other wires and ground cause the high-level 
metallic-circuit signals to. induce longitudinal and metallic-circuit currents 
in-all three pairs. The currents thus introduced in pair 2 are transmitted 
eastward past the repeaters, where they in turn induce currents in pair 3 
at.the low-level input to the east-west type "J'' amplifier on pair 3. These 
crosstalk currents are then amplified and transmitted westward on pair 3. 


Because of the gain of the repeater, this amplified interaction crosstalk _ 
could be serious if nothing. were done about it. Two remedial measures are 
employed. One is the installation of longitudinal choke coils as shown in 
.the figure, in all of the type "J" and non-J pairs of the line on both sides 

of the repeaters. It may be noted that for the part of the energy transfer 
paths just described that.is between the numerous longitudinal circuits (a 
longitudinal circuit involves transmission along the two wires of a pair in 
parallel), wire configurations and transpositions are of no value. However, 
the. longitudinal choke coils greatly increase the attenuation of the longi-_ 
tudinal paths and are therefore effective in reducing the crosstalk. The 
second remedial measure is the crosstalk suppression filter, which is con- 
nected in all of the non-J. pairs which furnish the possible tertiary paths. 
This filter provides loss at the carrier frequencies for both the longitudinal 
and metallic-circuits of the pairs on which they are installed. By these 
.two methods,.the leaks around the repeaters are "plugged, " 


Crosstalk path C is si iniiae to path A, except that the final coupling from 
the tertiary circuit is to the original instead of another system. This path 
could. conceivably cause the repeater to sing. Obviously it is made in- 
“nocuous by the same measures already described. 


-Crosstalk path B is different in nature from paths A and C, and involves 


straight coupling from the output of one repeater to the input of the other 


without involving any tertiary circuits. This path may arise from proximity 
‘between the east and west.open-wire lines, or between the toll entrance or 
office cables. The attenuation of this path is kept sufficiently large by 
Such measures as specifying that the terminal poles of the east and west 
open-wire lines be at least 80 feet apart, that the east and west lead-in 
cables be suitably separated, etc. 


"9.5 USE OF COMPANDORS.TO IMPROVE NOISE AND CROSSTALK 
The provisions which have been described for controlling noise and cross- 


_ talk on the open-wire type "J" systems are not wholly adequate to main-~ 
tain the desired high transmission standards on all channels at all times 
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A further remedy, when needed, is available in the form of the 1A com- 
pandor. This device is applicable to any type of telephone circuit, but has 
found considerable use on type "J" system channels because of the greater 
transmission uncertainty of that system. Its cost makes it less attractive 
for use on other systems, but on type "J'' systems is often less than the . 
cost of obtaining sufficient improvement by other means. Less expensive 
compandors than the 1A have recently been designed as integral parts of 
the type "IN" and the type "O!'' systems, but these are not available as 
separate devices for general use. 


A. compandor consists of a volume compressor applied at the sending end 
and a volume expandor applied at the receiving end of a voice channel. 
These are complementary variable- gain devices controlled by the speech 
signals themselves. The compressor may be thought of asa device that 
adds gain for the weak, but not for the strong portions of the Spee ch, thus 
raising the level of the weaker speech signals on the line and increasing 
their signal-to-noise ratio. The expandor restores the speech at the 
receiving end to its normal level by adding loss equal to the gain introduced 
py the compressor. In so doing, the expandor also attenuates the noise 
and crosstalk from the line when the speech signals are weak (or during 
pauses in the speech). Providing the noise and cros stalk are not initially 
so strong as to be heard through the loud portions of the speech, a large 
effective improvement in the signal-to-noise | ratio is brough about by the 
compandor, 


The co st of the compandor must of course be balanced against the cost of 
obtaining sufficient improvement by more elaborate line Here Worsce 
schemes, closer spacing of repeaters, or other means. 
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CHAPTER 10 


TYPE "K" CARRIER TELEPHONE SYSTEM 


10.1 GENERAL — 


The type K system provides twelve 2-way telephone channels on two 19- 
gauge nonloaded pairs in aerial or underground toll cables. These pairs” - 
cannot at the same time be used for voice-frequency systems. The type K. 
system operates on a 4-wire basis using one pair for each direction of | 
transmission. The two pairs are ordinarily in different cables, although > 
in special cases a single cable may be used which has a shield between 
layers to separate the pairs into two groups. Because of the higher attenua- 
ie of the 19-gauge pairs at the carrier frequencies, the line amplifiers 

st be spaced at about one-third the interval required for voice-~frequency 
een or about every 17 miles. Ona route which also-has voice- | | 
freauency systems, therefore, the carrier system requires two Nauxiliary' 
repeaters between each pair of main stations where the voice-frequency | 
repeaters are located. On new routes not already equipped with, voice- 
frequency systems, the main, attended stations may be as far apart as 100 
to 200 miles, The auxiliary stations are arranged to be unattended, with. 
suitable alarm ane CaLIOue of troubles, to the nearest main station. 


A number of type K systems may be operated in the same cables without 
exceeding crosstalk requirements, provided the cable pairs are suitably 
balanced for crosstalk as described in the last section of this chapter, On | 
existing cables, installed originally for voice-frequency use, most of which — 
are of the "long pair twist'' variety, satisfactory performance may be — 
obtained if as many as about one-third of the pairs are used for type K | 
systems. On new type K routes, the usual arrangement is to install two 
small cables of the ''short pair twist! variety, in which case all of the 

pairs except those needed for order wires and other miscellaneous PEEPS Sey 
may be used for type K systems. ae 


Two models of the type K system have been developed: the seid Kl 
system, and its successor the K2 system. The Kl system is no longer | 
manufactured, although there are a considerable number in service inthe | 
plant. More than 85 per cent of the type K systems, however, are of the K2 
variety, so the following description will apply specifically to the K2 system 
unless otherwise stated. The differences between the two models of the al 
type K system, which have largely to do with the methods of Beeuiatie, and — 
equalization, will be mentioned at the appropriate points. 


10.1 


CHAPTER 10 .TYPE "K'' CARRIER TELEPHONE SYSTEM 


The twelve telephone channels are transmitted on the cable pairs as the 
upper sidebands of carriers located every 4 kilocycles from 12 to 56 
kilocycles, inclusive. The total frequency band transmitted on the line 
therefore extends approximately from 12 to 60 kilocycles. The original 
voice-frequency telephone bands are translated to the line frequencies, and 
vice versa, by a double modulation process. The first step takes place 

in the channel modulators forming part of a ''l2-channel bank, "'' which 
translates the twelve voice bands to a group of lower sidebands, lying 
between 60 and 108 kilocycles. This is done in order to realize the 
economies obtainable with quartz filters, which type of filter would not be 
suitable at the lower frequencies that would be involved in a single modula- 
tion process translating the voice bands directly to the 12- to 60-kc range. 
The same 12-channel bank is also employed in the types J and L systems. 7 
The second stage of modulation in the type K system takes place ina 
group. modulator which translates the 60- to 108-kc band as a whole, to 

the line frequencies between 12 and 60 kilocycles. The frequency alloca- 
tions for the two pie of modulation are shown in Figure 10- i. 


All carriers us 56a in the modulation processes are suppressed, but pilot 
frequencies of 12, 28, 56 and 60 kilocycles (see Figure 10- 1) are trans- 
mitted from the K2 terminals along with the carrier speech bands. These 
serve automatically to regulate the gain and the frequency characteristic 
of the system, the 60-kc pilot acting to regulate the flat gain of all of the 
line amplifiers, and the other three pilots serving to control the gain and 
the frequency characteristic of '"twist'' amplifiers placed in the line at 
occasional intervals. The methods by which this is qccompnened will be 
described later. | , | 


No special sienaviag features are incorporated in the system, signaling 
being accomplished by voice-frequency methods over the telephone channels. | 
Arrangements are available for removing telephone channels 6, 7, and 8 
from a type K carrier system and BEpIacae. them with a continuous program 
channel of 8-kc Banga | 


10.2 OVER- ALL TRANSMISSION PERFORMANCE 


This section summarizes the over-all puaiard uaion performance which is 
expected of the type K system under normal conditions. The over-all 
-transmission bandwidth of K2 channels, from toll switchboard to toll _ 
switchboard, is substantially flat from 200 to 3200 cycles, the loss increas- 
ing 10 decibels at about 150 and 3350 cycles. Five K2 channels in tandem | 
are expected to provide a bandwidth of about = 2175 cycles (175 to 3350) — 
measured at the 10-db loss points, The transox.ssion variations at 1000 
cycles of a K2 carrier link of any length are expected to be less than +1 
decibel, which, allowing for additional variations in the switchboards and 
other equipment in the terminal offices, might be increased to an over-ali. 
figure of +2 decibels, 
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Figure 10-1 Frequency Allocations, 
Type K Carrier System. 


The K2 carrier circuits have a line velocity, including the effect of the 
repeaters, of about 125, 000 miles per second. The channel banks add 


enough delay to reduce the effective over-all velocity to about 105, 000 miles 
per second, | ve 


10.3 


CHAPTER 10 TYPE "K" CARRIER TELEPHONE SYSTEM 


The K2 carrier circuits are designed to provide reasonably satisfactory 
crosstalk performance on a 4000-mile circuit composed of four 1000-mile 
links. This assumes a systematic connection of channels in the systems 
involved in the four links such that channels having the worst crosstalk 

in one link are in series with Chane? having better crosstalk in other links, 


The noise on an average K2 channel 4000 miles long is not e2 xpected to 
exceed 29 dba at the -9 db level. : 


10.3 GROUP TERMINAL EQUIPMENT - FIGURE 10, 1? 
General 


The group terminal equipment, sometimes called the group modem, 
includes not only the group modulator and demodulator, but also the group 
filters, the transmitting amplifier, and all other equipment in the main 
transmission path of a type K.carrier terminal between the 12~channel 
bank and the cable pairs except the receiving line amplifier. The prin- 
cipal functions of this equipment are, first, to perform the second stage | 
of modulation required in the carrier terminal which translates the group 
of frequencies from the channel bank to the proper frequency allocation on 
- the line and vice versa, and secondly to admix the pilot channel frequencies 
with the outgoing line signals at the proper levels, The 60-kc pilot is 
generated in the transmitting amplifier, but the other three pilots are 
generated separately in circuits to be described later. It is convenient 

to describe the group terminal equipment in two parts, namely the trans- 
mitting and receiving portions of the equipment. | 
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Figure 10-2 Group Modulator Circuit, Block Schematic 
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7rou ircuit | | 


A pisgiecline block diagram of the transmitting branch of the group ter- 
minal equipment is shown in Figure 10-2. The heart of this equipment is 
the group modulator, which is shown separately in greater detail in 
Figure 10-3. The modulator is a lattice-type copper-oxide modulator. 


The input transformer for the modulator 
is arranged so as to be a hybrid coil, 
the group of signal channels from the 
12-channel bank being fed into the 
upper, and three of the pilot fre- 
quencies being fed into lower con- 
jugate terminals of the hybrid coil 
circuit. The pilot frequencies at this 
point are 64, 92 and 108 kilocycles. — 
These pilot frequencies are thus mixed 
with the 12-channel group and are 
modulated jointly against a carrier of 
120 kilocycles, which is also applied 

to the modulator as shown in Figure 
10-3, The lattice-type modulator is 
inherently balanced for both the input 
Signals and the 120-kc carrier. The 
degree of balance is such that the input 7 | 
signals and the carrier are attenuated Figure 10-3 Group Modulator 
about 30 decibels. | Schematic 


The lower sideband of the modulation process is selected by the group- 
modulator low-pass filter (see Figure 10-2). This lower sideband consists 
of the group of twelve channels which now appear as upper sidebands of 
carriers (which are suppressed) of frequencies lying every 4 kilocycles 
from 12 to 56 kilocycles, and the three pilots which have been translated 

by the modulation process to frequencies of 56, 28 and 12 kilocycles. 

The level of these pilots is low compared with the speech levelsiin the 
carrier telephone channels, being -11 dbm at the output of the transmitting 
amplifier where the level of each speech channel is psec eer with BESpECE 
to the toll switchboard level, 7 


It is obvious that the pilot frequencies are identical with the carrier fre- 
quencies of channels 1, 5, and 12. It is necessary therefore to insure 
that the carrier leaks in these channels from the channel modulators are 
tco weak to affect the pilot channel levels, This is taken care of by the two 
suppression filters shown in Figure 10-2 in the signal path ahead of the 
group modulator. The 109B carrier leak suppression filter adds an 
additional attenuation of about 40 decibels at frequencies of 64, 92, and 
108 kilocycles. These suppression bands are extremely narrow, being 
only about +20 cycles wide, and therefore do not affect the bandwidths of 
the adjacent channels, The 216A suppression filter has the effect of 
widening the suppression band at 64 kilocycles to about +150 cycles. This 
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is necessary to avoid interference from low-frequency signaling impulses 
which might enter channel 12 from the terminal, to’the 56-kc pilot on the 
line. The regulating circuits in the twist amplifiers. which operate on the 
56 pilot are particularly sensitive to such interference. | 


The 4. 2-db pad between the output of the modulator. and ‘he group ‘filter is. 
for the purpose of improving the impedance facing the filter. The group. 
modulator filter is a coil- and condenser-type of filter designed to work 
between.600-ohm impedances... It is a low-pass filter which cuts. off Vey 
sharply just above 60 kilocycles. | : 


The Gener ye amplifier is of a unique design which ae as an amplifier 
to the signal channels with about 65 decibels of gain, and at the same time . 
‘behaves as an oscillator. generating 60 kilocycles. .The amplitude of the 
60-kc pilot thus produced.is a function of the energy in the signal. channels, 
varying in. such a way that the total mean power out of the amplifier, which. 
is‘made up of the power in all the signal channels plus the power of the | 
60-kc pilot, remains constant at +15 dbm. When.the channels are ali idle, » 
the power out of the amplifier is composed entirely of the 60-kc pilot. o % 
When the channels are busy, the strength of the 60-kc pilot is correspondingly 
decreased to maintain a constant output power of +15 dbm. The trans- 
mission level of each signal channel at the output of the epre Ge is +9 
decibels, relative to the toll switchboard. | 
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A, schematic of the transmitting amplifier is shown in Figure 10-4. Itis 

a 3-stage amplifier having both a negative and a positive feedback path, the 
latter being sharply tuned to 60 kilocycles. The loss in the positive feed- 
back path is controlled by the resistance of a resistance lamp, the 
resistance of the lamp and the loss in the feedback path increasing rapidly 
with the current through the lamp. The amplitude of the oscillations in 
such a circuit automatically stabilizes at the point where the loss in the 
feedback path is just short of being equal to the gain of the amplifier, so 
that oscillations are just sustained. The lamp is connected in the circuit 
in such a way that the signal currents from the amplifier as well as the 
bG-ke oscillations pass through it. Therefore the presence of energy in 
the signal channels increases the loss of the positive feedback path, | 
reduiring the 60-kc amplitude to compensate for this by decreasing until 
oscillations can again be sustained. The net effect is that the total power 
out of the amplifier remains constant. A potentiometer in the positive | 
feedback circuit permits adjusting the level of the total power at which 

the amplifier stabilizes, and another one in the negative feedback path 
ueriiits adjusting the signal gain. The output of the transmitting amplifier. 
15 sent directly into the outgoing cable pair. 


Group Demodulator Circuit 


4, Single-line block diagram of the receiving branch of the group terminal 
equipment is shown in Figure 10-5. The input of this circuit is connected 
directly to the output of the receiving line amplifier (not shown), where the 
transmission level of each channel is +9 decibels, and the nominal impedance 
is 135 ohms. The group demodulator is similar to the lattice-type modulator 
in the transmitting circuit just described, except that the input transformer 
is not a hybrid coil. Ahead of the demodulator are two large pads with a 
suppression filter between them for removing the 60-kc pilot frequency. 

The total loss in the two pads and the filter is 51 decibels, so that the 

signals applied to the demodulator are reduced to the low transmission 

level of -42 decibels, to avoid overloading the demodulator. 
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Figure 10-5 Group Demodulator Circuit, Block Schematic 
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The group of channels from the line is modulated agains t & group carrier 
frequency of 120 kilocycles and the lower sideband produced by this process 

is selected by the group demodulator low-pass filter. Thus the groupde= —- 
modulator translates the 12- to 60-kc group of ube wea es from the line 

toa group lying between 60 and 108 kilocycles, which is suitable for trans- 
mission to the 12-channel bank. The group deniodulator filter is of the 

coil and condenser type, and cuts off sharply just above 108 se a 


Following the filter is a group demodulator amplifier to Cade the signal 
level to the -5 db level necessary for application to the channel bank. Two 
designs of amplifier are available, the second being ré¢ gies 8 

system is used for telephoto transmission. The other am is 
suitable for telephoto transmission because of slight modu lation effects 
from the 60-cycle a-c power in the heaters of the tubes to which te sLephote 
transmission is particularly sensitive. Both ampli fe: save flat 
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Figure 10-6 Carrier Supply Circuit 
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10,4 CARRIER SUPPLY CIRCUITS 


All of the essential parts of the K2 carrier terminals have now been de- 
scribed except the carrier and pilot supplies. It was noted in the preceding 
chapter that since the carriers are not transmitted, the frequencies of the 
carriers supplied to the terminals at the two ends of a system must be 
very accurate in order to avoid a frequency shift in the speech signals 


transmitted by the system. All of the carrier and pilot frequencies used in 


a type K system are multiples of 4 kilocycles. The principle which is 
employed therefore is to provide a stable generator of 4 kilocycles followed 


by harmonic producers which derive the required odd and even harmonics 
of the base frequency of 4 kilocycles. The accuracy of all of the frequencies 
is therefore determined by the accuracy of the one source of 4 kilocycles. 


The fundamental principles of the arrangements in general use on type J 
and K systems are illustrated in Figure 10-6. The 4-kc base frequency 
is obtained from a 128-kc crystal oscillator through a fractional frequency 
generation Process. 


The 4-kce wave, after generation and amplification, first passes through 
tuned circuits which remove all harmonics generated in the oscillator or 
amplifier, and is then applied to the harmonic producer. This consists of 
the noniinear coil, Li: and the capacitors C7. The coil has a small 
permalloy core and is heavily saturated by the applied current wave except 
when the current is near zero, The inductance of the coil is therefore very 
large when the current is passing through zero, and is very small during 
the rest of the cycle when the core is saturated, the change being very 
sudden from one condition to the other. The effect of this is that as the 
current in the coil passes through zero, say in the positive direction, a 
voltage is impressed on capacitors Cz causing a current to flow into them 
znd build up a charge on them. Ata critical point the coil abruptly 
saturates and its impedance drops suddenly to a very low value. This 
practically short circuits the capacitors, so that they suddenly discharge, 
creating a large negative peak of current of short duration. When the 
current in the coil passes through zero in the opposite direction, a large 
positive current peak is similarly created. Thus the output of the harmonic 
producer consists of a train sharp pulses of alternate polarity, one for 
each half cycle of the 4-kc wave. | 


This wave, being symmetrical, is rich in all the odd harmonics of 4 kilo- 
cycles and, by properly proportioning the circuit, the amplitudes of these 
harmonics are made uniform over a wide range. This wave appears 
directly on the odd-harmonic outlet or bus. Across this bus is bridgeda 
group of filters that select from it the various odd harmonics of 4 kilo- 
cycles (68, 76, 84, 92, 100, and 108 kc) needed for the carrier and pilot 
supplies. The even harmonics are obtained by applying the above wave to 
a copper oxide rectifier, as shown in Figure 10-6, which inverts every 
aifernate pulse. The wave from the rectifier contains all the even 
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harmonics of 4 kilocycles and is led to the even-harmonic outlet or bus, _ 
Another group of filters bridged across this bus selects the various even-~_ 
harmonics (64, 72, 80, 88, 96, 104, and 120 kc) which are needed for the 
remainder of the. carrier and pilot supplies. It will be noted that since the 
output of the harmonic producer appears on two buses, one containing only 
the odd and the other only the even harmonics, the frequencies applied to 
either group of filters are separated by 8-kc sere which simplifies 
the selectivity ee of the filters. 


The 64-kc pilot is used to maintain carrier and pilot supplies in synchro- 
nism at all stations. A 64-kc pilot frequency derived from the carrier 
supply at the master station is transmitted over the network and is used tc 
synchronize successive stations. At the master station, the 4-kc frequency 
supply circuit from which the 64-kc pilot is derived is set precisely to 4 - | 
by comparing it with an accurate frequency standard, At controlled 
stations, the 4-kc frequency supply circuit is motor-driven and continuous 
synchronized by the 64-kc pilot frequency received from an adjacent 

station in the network, Synchronization is accomplished in the frequency 
comparison circuit of the carrier supply. At the controlled station, this 
circuit compares the 64-kc pilot received from the network with the 

locally generated 64-kc pilot. When a difference exists between the two 
pilots, a motor driven by the frequency comparison circuit operates to 
eliminate the difference, so that the locally generated 64-kc pilot is at the 
same frequency as the incoming 64-kc pilot. The locally generated 64~kc 
pilot is then transmitted over the network for synchronization of the carrier 
supply at the next station in a similar manner, 


One carrier supply of the above type is adequate to take care of ten to 
fifteen type K carrier terminals. Since so many telephone channels depend 
upon one carrier supply, it is provided in duplicate with automatic switch- 
ing arrangements for switching over to the emergency supply in the event 
of failure of the regular carrier supply. The details of these switching 
arrangements will not be described here. 


10.6 GENERAL LINE TRANSMISSION PROBLEM - EQUALIZATION AND 
REGULATION 


The preceding sections have described the transmission features of the 
carrier terminals, We have seen how the sending terminals modulate the 
signals from twelve voice-frequency telephone channels so as to deliver 

to the outgoing cable pair a group of single si: ieee carrier channels 
lying between 12 and 60 kilocycles, each ca:7" x channel having a trans» _ 
mission level of +9 decibels relative to the ts). switchboard. We have 
further seen how four pilot frequencies are generated and applied to the 
line along with the carrier telephone channels, the weak 1Z2-, 28-, and 
56-kc pilots each having a level of -11 dbm, and the s strong 60-kce pilot 
having a variable level such that the sum of its power and the power in the - 
carrier channels (plus the other pilots) is +15 dbm. We have also seen | 
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how the receiving terminal accepts signals from the incoming line, which 
are identical in level and frequency with those delivered to the line by the 
distant sending terminal, and demodulates them to reproduce the twelve 
voice-frequency telephone signals. 
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Figure 10-7 Cable Layout for Type K Carrier 
The problem now to be discussed is how the line, with all its large and 
variable attenuation and attenuation-versus-frequency distortion and with 
its tendency to noise and crosstalk between cable pairs, is made to repro- 
duce at the receiving terminal a good replica of the signals delivered to it 
by the sending terminal, The attenuation of the line is of course overcome 
by means of the amplifiers which are added to it at approximately 17-mile 
intervals. As noted earlier, the variations in transmission and the 
attenuation-versus-frequency distortion are also taken care of by equalizers 
incorporated in the amplifiers. Therefore, the discussion of this part of 
the problem reduces substantially to a description of the line and twist 
amplifiers, which follows in the next sections of this chapter. 


The crosstalk phase of the problem is equally serious and important, for 
the crosstalk coupling between pairs in a cable increases with frequency 
and is therefore much worse in the carrier range than at voice frequencies. 


_ Crosstalk is controlled for type K carrier operation by three measure, two 
of which are evident by inspection of Figure 10-7. This figure shows the 
manner in which the carrier system is applied to the cables. The first 
crosstalk reducing measure is the use of pairs in two different cables for 
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the two opposite directions of transmission. This effectively eliminates | 
all near-end crosstalk between different type K systems using the same 
cables. The second crosstalk- -reducing measure is the frogging of the 
oppositely directed one-way carrier channels between the two cables at each 
carrier repeater point. As shown in Figure 10-7 the two directions of 
transmission are alternated between the two cables in successive repeater 
sections, If the carrier circuits were not frogged, the high level signals 
at the output of a carrier repeater on one system could crosstalk into the 
paralleling voice-frequency pairs in the cable and could then be propagated 
back a short distance on the voice-frequency pairs to a point ahead of the © 
carrier repeaters, where they could again crosstalk into another carrier 
system at the low level input to its carrier repeater. When the systems 
are frogged as shown, the second crosstalk coupling in the interaction 
crosstalk path just described terminates in the disturbed carrier system 
at a high level point at the output of a repeater, and therefore is less 
serious by the gain of a carrier repeater. 


The above measures do not, of course, affect the transverse far-end | 
crosstalk between carrier systems in the same cables. This is reduced by © 
special carrier balancing of the cable pairs as described later, 


Equalization and Regulation 


The general principles of the equalization and regulation of long systems 
insofar as they apply to the type K carrier systems may be summarized as 
follows. The 19-gauge cable pairs of a 1000-mile type K carrier system in 
underground cable have a transmission loss at 60 kilocycles of 3780 decibets 
at mean temperature, a transmission loss at 12 kilocycles which is 1250 
decibels less than this, and a variation of loss with temperature of +101 
decibels at the maximum frequency. This is far from the whole story, 
however. In the first place, these are only nominal, presumably average, 
figures and particular circuits may differ from them either ar saree 

due to manufacturing deviations, or systematically because the figures 

were derived from too few or nonrepresentative samples, and therefore 

are not really average figures. In the second place, the attenuation-vers SUS 
frequency characteristic as well as the attenuation at a fixed frequency is a 
function of temperature. In the third place, the amplifier, regulating 
networks and equalizers designed to compensate the line will be subject 

to statistical and systematic variations due to manufacturing deviations, 

In view of these uncertainties and deviations, it would seem at first glance 
quite hopeless to match the necessary large currections against the above 
large losses, distortions, and variations, wii! sufficient accuracy to attain 
the refined over-all transmission performann: "9@Cifications >» 


An analysis, however, shows that the transmission objectives can be 
satisfactorily met by proper application of basic equalization and of regula 
tion, both of which are composed of the three components, described below, 
in suitable proportions. The basic equalization provides a fixed adjus: ment 
of the transmission characteristics which would be correct at mean termpere ~ 
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ture for a reference cable pair (not necessarily a truly average cable pair) 
with the further implied assumption that the equalizers themselves do not . 
deviate from te characteristics they are designed to have. The regulation 
compensates for the changes in the line characteristics resulting from 
varying temperature, and also for the deviations of the actual cable pair 
from the assumed reference cable pair and for the deviations of the equal- 
izing networks from their intended characteristics, The regulation is of 
course automatic, under control of the pilot channels. 


The three components of both the basic equalization and the SeguraHion are 
as follows: | 


1, Flat Gain - This component, as its name indicates, is | uniform at all 
frequencies. ° 


2. Slope - This component represents a loss which, plotted in decibels 
versus frequency, is zero decibels at 60 kilocycles and increases 
along a straight line as the frequency is decreased to 12 kilocycles. 


3. Bulge - This component has O-db loss at both 12 and 60 kilocycies, 
but has a bulge between these frequencies which may be either 


positive or negative. 


The term "twist" is applied to the combination of the last two components, 
slope and bulge. 7 | 


The principle used in the type K systems, therefore, is both to equalize 


* and to regulate the systems by applying the above three components in 


proper proportions by means of the amplifiers in the line and their 
associated circuits. This is accomplished ina slightly different manner 
in the KI and K2 systems. 


Method of Equalizing anc Regulating K2 Systems 


The amplifiers used in the line on the K2 systems are of two types, known 
as 'line amplifiers" and "twist amplifiers'', The twist amplifiers are 
installed every 100 to 200 miles, depending upon whether the cable is 
aerial or underground. The line amplifiers are installed approximately 
every 17 miles except at the points where twist amplifiers are located. 
The functions just described are incorporated in these amplifiers as 
follows. 


All of the amplifiers, both line and twist, have incorporated in them the 
flat gain and slope components of basic equalization suitable for the 

_ particular length of line in the preceding line section. The flat gain is, 
of course, furnished by the mean gain of the amplifier. The slope is 
furnished by an equalizer connected in the input circuit of the amplifier. 
The bulge component of the basic equalization, being smaller-in magnitude 
.. than the other two components, is furnished only at the twist amplifiers 
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where it is taken care of by the same network that supplies the bulge com- 
ponent of the regulation. The line amplifiers, in addition to taking care of | 
the flat gain and slope of the basic equalization, also take care of the flat — 
gain component of regulation necessary to compensate for variations in the 
loss of the preceding line section. They do this automatically by adjusting 
their gain under control of the 60-kc pilot as described in the next section, © 
The twist amplifiers regulate the flat gain under control of the 56-kc pilot, 
the slope under control of the 12-kc pilot, and the bulge under control of 
the 28-kc pilot, as described in section 10.6. The above adjustments in 
both the line and twist amplifiers are made by thermis stors located in the 
negative feedback circuits of the amplifiers. | 


The basic equalization provided by the arrangements j t described is not 
quite perfect, partly because the amplifiers deviate somewhat from th 6Er 
design ideal and partly because the basic equalizers mey be adjusted only 
in discrete steps. Therefore deviation or 'mop-up" equalizers are pro-e 
vided in the input circuit of about every sixth amplifier, These make it 
possible to obtain a relatively flat over-all transmission frequency chara a 
teristic in each twist section. 


Method of Equalizing and Regulating K] Systems — 


The methods of equalizing and regulating the original IC i systems were | 
based on the assumption that the loss characteristics of a 19-gauge cable 
pair can be specified with sufficient accuracy if its ternperature is known, 
Basic equalizers were connected in the feedback circuits of each AiO pLTLes 
which compensated at mean temperature for both the slope and bulge of the 
particular line section connected ahead of the amplifier, assuming the 
cable pair was average. The variations with temperature were adjusted. 
automatically under control of d-c pilot wires located in the same cable 
whose resistance was a measure of the cable temperature. A pilot wire we 
each amplifier section thus controlled the flat gain of the amplifier as a 
function of the pilot wire resistance. Another pilot wire extending the 
length of a twist section (100 to 200 miles as in K2 systems) automatic aii 
controlled the slope and bulge corrections introduced by the twist amplific 


The method by which the pilot wires exercised these controis was somewhat 
similar to that employed in the pilot wire regulators of 4-wire voice- 
frequency systems. The master regulator connectec to the pilot wire 
contained an automatically self-balancing Wheatstone bridge, which 


measured the resistance and therefore the term °o¢ cature OF the pilot wire 
A Selsyn motor arrangement registered the =>. ae of the bridge, and =. 
transmitted a control to motors associated wi.) ‘ue a amplifie PS o ape 


operated variable capacitors connected to networks in the fe ecbac k civeulis 
of the amplifiers, to effect the desired changes in the aa ALACTEPLSTICS . _ C we 
master regulator could thus control the amplifiers of some fifty Carrier, 


systems operating in the cable. 
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This method of regulation was found to be insufficiently accurate, because 
of differences ir -he characteristics of cable pairs, variations in the 
temperature between different cable pairs in the cable, and inaccuracies 

in the characteristics and settings of the control networks. There are still, 
“owever, some early Kl systems operating solely on pilot wire regulation, 
The errors from ‘“::s kind of regulation are, of course, cumulative. To 
correct these errors, a third type of regulator called the "pilot channel 
deviation regulator'' was provided. Originally, this was installed as a sort 
of mop-up regulator at intervais of about 500 miles. In some of the later 
Kl systems, however, the deviation regulator was substituted for the pilot- 
‘channel twist amplifiers, which were omitted. 


The deviation regulator operates automatically on the 12-, 28-, and 56-kc 
pilots. These pilots were criginally provided in the Kl systems only for 
purposes of measurement to check the performance of the system and to 
aid in adjusting the pilot channel regulators, No 60-kc pilot is used in Kl 
systems. Twoamplifiers are installed at a deviation regulator point, the 
first of which is called a line amplifier, and the second a twist amplifier. 
The three pilot frequencies are picked off by filters at the output of the 
twist amplifier and, through control circuits, apply currents which are 
proportional to the pilot levels, to the heaters of thermistors whose change 
im resistance affects the controls, The 56-kc piiot thus controls a ther- 
mistor in the feedback circuit of the line amplifier and regulates its flat 
gain. The cther two pilots control thermistors in networks located between 
the two amplifiers, the 12-kc pilot regulating a slope network and the 28-kc 
pilot regulating a bulge network. The regulation for ali three pilots is such 
as to maintain the pilot levels substantially constant at the output of the 
twist amplifier. Both amplifiers have substantially flat gain characteristics. 


The Kl regulating systemswill not be further described in this chapter. 
Additional information concerning it can be obtained from references listed 
in the bibliography at the end of the chapter. 


10.6 LINE AND TWIST AMPLIFIERS 


This section describes in somewhat greater detail the line and twist 
amplifiers used in the K2 system. Since the reguiation employed in these 
amplifiers is controlled by thermistors, it may be well first to describe 
these devices. 


Thermistors 


Thermistors (a contraction of 'thermal resistors'') are closely related to 
varistors; they may be described as thermal varistors whose conductance 
is varied by temperature. A thermistor is made of a semiconductor with 
a large temperature -coefficient of resistivity. Its resistance can be 

varied over a wide range, the ratio of change being as great as-a thousand 
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or more in some types. In the thermistors in use in carrier systems, the. 
temperature coefficient is Boece the resistance decreasing with in~ 
creased power maps 


There are two jenetet types of thermistors, the directly heated and the 

indirectly heated types. The directly heated thermistor is a disk or bead 

of semiconductor with two metallic terminals. A voltage applied across 

the two terminals causes current to flow through the semiconductor, and the 

resultant heating increases its conductivity. The directly heated ther- 
mistors may have a separate heater for controlling the mean ambient | 

temperature in which they operate. In the indirectly hea ted thermistor, @ 


separate heater controls the variations in temperature of the sien -Gaduece | 


This form has four terminals. Both types of thermistor have a thermal. 
lag, so that a definite time is required for the resistance to adjust itselr to. 

: a change in temperature. This bere. 
constant varies greatly for different 
types, ranging from a fraction of a 
second in some to many minties in 

other types. The directiy heated is 
certain of the indirectly heated ty rpe 39 
are mounted in vacuum to decreas: . 
heat losses and increase sensi ee 


Figure 10-8 shows the oe 
versus-thermistor current chara. 


Normal | teristic of the D-161509 or 1I9A 
Operating 


directly heated thermistors which are 
used in the line amplifiers. The 
D-161509 thermistor has a time | 
Saal constant of about 18 seconds, and has 
aximum —_N | pe ~, 
15 Minutes Overload been replaced by the 19A which has a 
: | time constant of about 90 seconds, 
atin The slower response of the 19A was 
aximum oe ‘ en. eh 
s Daeriting Overload found to be beneficial in reducing the 
10, | transmission es daeaens S caused by 
2 oe re sd or ringing transients. Hese thermistors 
Thermistor Current in Milllamperes 3 . 
have an ambient temperature heater 
for maintaining 2 constant reference 
temperature of 160%, The current 
in the heater is made dependent on 


Thermistor Resistance in Ohms 


Figure 10-8 Thermistor D-161509 the air ‘umperature by a special 

or 19A Used for Flat Gain Regula- circuit - vaining another thermistor 

tion in Line Amplifier, Directly expose: the air temperature. 

Heated Type, Resistance Versus | | 

Thermistor Current 160F The three thermistors used in the 

Ambient Temperature twist amplifiers as described Later | 

: are of the indixectly | = sated tyoea.. . 

The characteristics of the slope end. 


bulge thermistors are shown in 
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_ Figure 10-9, and the characteristic of the flat gain thermistor is shown in 


- Figure 10-10. The time constants of the slope and bulge thermistors are 


very large - many minutes - while the time constant of the flat gain ther- 

mistor is very short - only a fraction of a second. Other thermistors, 
which will not be described, are used in the control circuits for these 
thermistors. 


Line Amplifiers 
A schematic diagram of the line amplifier is shown in Figure 10-ll. It 
consists of a 3-stage amplifier, preceded by some pads and equalizers, 


and containing the directly heated thermistor described above in its feed- 
back circuit. There are a number of optional circuits as follows: 


l, The Equalizer and Pad Circuit at the input or output is used as 
required to build out the electrical length of short incoming or out- 
going cables. 


2. The Phase Equalizer is used to make the phase shift through the K2 
line amplifier the same as through a K1 line amplifier. It is required 
on routes employing multisection crosstalk balancing, having both Kl 
and K2 line amplifiers. 


3. The 4-db Pad is used to provide minimum gain. 


4, The 2.5-mile Auxiliary Equalizer extends the range of the line equal- 


izer, described below, to match a 20-mile section of line. 


5. The Amplifier Deviation Equalizer or Auxiliary Am lifier Deviation 
Equalizer is used when needed to improve amplifier deviations. 


‘The fixed elements which are always used are: 


il. he Impedance Matching Circuit makes the input impedance of the 


amplifier match the line impedance, 


 @ Line Equalization provides the basic equalization for the line at mean 
| temperature, It can be strapped so as to match accurately lines of 
13, 15, and 17.5 miles in length. When the 17.5-mile strapping and 
the auxiliary equalizer referred to in (4) above are used, the total 
_ basic equalization fits a line of 20 miles in length, as noted above. | 


) “ie 2er introduces gain to make up the loss of the pre- 
ceding line section. This will now be described. 


‘The impartant feature of the line sails is the means whereby it regu- 
lates the flat gain. This is accomplished by the directly heated thermistor 
shown in series in the feedback path, between some shunt resistors. 
_ Through this thermistor flows a fixed fraction of the total output power of 
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Figure 10-9 Slope and Bulge 7 Figure 10-10 Flat Gain Ther- 


Thermistors - D160698 and mistor in Twist Amplifier, In- 
D-160699, Indirectly Heated : directly Heated Type. Resistance 
Type. Resistance Versus. | Versus Heater Current 60F | 
Heater Current 60F Ambient | Ambient Temperature 7 
Temperature a | 


the amplifier which is made up of the sum of the powers in the 60-kc pilot, 
the twelve signal channels, and the three other pilots. If this power in- — 
creases, say because of a change in temperature in the preceding line, 
the resistance of the thermistor decreases, which lowers the loss in the 
negative feedback path. This in turn decreases the gain of the amplifier — 
tending to restore the output power to its previous level. The circuits are | 
so proportioned that. the output power tends to stabilize at +15 dbm, just as 
in the case of the transmitting amplifier described earlier. How well it 
does this is shown by the typical input-output characteristic curve of 
Figure 10-12. It is seen that the output level is substantially constant for 
a range of about 16 decibels in input level. 


tt will be noticed in Figure 10-11 that soldered taps are provided in the © 
feedback circuit to change the gain in steps of 4 decibels. This permits _ 
adjusting the amplifier so'as to be in the center of the regulating range 
shown by Figure 10-12, for mean conditions. A feature of pilot channel - 
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Figure 10-11 Line Amplifier, Regulating Type Schematic 


types of regulation of the sort used in the line amplifiers, and also in the 
twist amplifiers, is that errors are not cumulative. The total errors in 


the system are those of the last regulating amplifier. 


An important characteristic is the transient response of the amplifier to 


abrupt changes in level. This is shown by Figure 10-13, for one and for 


twelve line amplifiers in tandem. Transients of this sort are of course 
very undesirable in a long system. They are reduced to negligible | 

_ proportions by making the flat gain regulation of the twist amplifiers fast 
e enough to follow the slow transients and thus remove them, as de cues 
_ In the next subsection. 


. The gain of the ine amplifier without feedback is 110 decibels and with 
feedback it varies, for mean conditions, from 45 to 72 decibels depending 
‘upon the strapping of the equalizers and the gain adjustments. There is 
_ . therefore a large amount of feedback which greatly reduces the modulation 
‘in the amplifier. For example, with a single-frequency testing power 
“-» output of +9 dbm at the output of the amplifier, the second - and third - 
--order modulation products are about 80 and 85 decibels respectively, below 
the fundamental. The feedback also greatly improves the stability of the 
amplifier. The changes in gain due to tubes, power supply Mane etc. 
are normally less than +90. ] decibel. 
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Figure 10-14 Twist Amplifier Schernatic 


The above describes the regulating line amplifier. In some cases on under- 
ground cables where the temperature variations are small, regulation is 
not employed at every line amplifier. The nonregulating line amplifier is 
identical with the regulating line amplifier except for the substitution of a 
fixed resistance network for the thermistor network in the feedback path of 


the amplifier. 
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twist Amplifiers 
A schematic of a twist amplifier ig shown in Figure 10-14. The amplifier | 
| proper and the group of optional circuits and equalizers associated with its 
input and output are identical with those described for the line amplifier, 


except for the omission of the optional phase equalizer, and therefore the = 


description need not be repeated here. The distinctive features of the | 
twist amplifier are the three regulating circuits incorporated in the feedback 
circuit. These regulate the flat gain from the 56-kc pilot, the slope from — 
the 12-kc pilot, and the bulge from the 28-kc pilot. The regulating circuits 
function to maintain a substantially constant level of these three pilots at: 

the output of the amplifier. They. do this by changing the resistance of | — 
indirectly heated thermistors as sociated with networks in the feedback path 
of the amplifier, the change being effected by means of currents from 

| control circuits which are. somewhat. alike in nature for the three thermistors. 


The three euictas are pickéd: off by means of very narrow-band crystal 
filters across the output transformer of the amplifier, Each controls the — 
amplitude of oscillations produced by an oscillator, the frequency of 
oscillation being 5 kilocycles for the flat gain control, 3.25 kilocycles for 
the slope control, and 3.5 kilocycles for the bulge control.. This control | 
is: such that small changes in pilot level produce large changes in the 
amplitude of the oscillations. The oscillations are oe to the heaters 
of the i a thermistors. 7 | | | 
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Fig. 10- 15 Gain- -Frequency Characteristics. 
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Relative Gain - DB 


Fig. 10-16 Gain-Frequency Characteristics 
of Bulge Network in Twist déunplifisr. 


The flat gain thermistor which is controlled by the $0-ke pilot, is in 

series with the feedback path of the rane and if controls the flat gain 
of the amplifier in a manner similar to that described for the line amplifi- 
er. The effect is to maintain the tevel of the 50-kce pilot substantially 
constant at -11 dbm at the output of the amplifier. %t does this within 

about +0.4 decibel for a range of about 16 dec ibels in input lewel. As noted 
earlier, the flat gain regulator in the twist amplifier has a very rapid | 
response, the time constant of the the the rims ter in it being only a fraction 
of a second, “ings beeiemtaies of gain are provided in the feedback circuit to 
permit centering the regulation in the control range, 


The slope and bulge thermistors are each connected to two terminals of a 
4-terminal network whose other two terminalis are in series with the 
feedback path. These networks are constructed of reactances and resist- 
ances and are so designed that variations in the resistance of the ther- 
mistors connected to one end of ther affect the impedance introduced into 
the feedback path by the other end of the network in such a way as to 
produce the desired changes in characteristic, ‘The effect of the slope 
network on the over-all characteristic of the arnplifier is shown by Figure 
10-15 and the effect of the bulge network is shown by Figure 10-16. The 
bulge characteristic is peaked at or near 28 kilocycles because it is at this 
frequency that the temperature coefficient of loss of a cable pair is great- 
est. The slope and bulge regulators function in such a way as to maintain 
the 12- and 28-kc pilots, respectively, each at a substantially constant 
level of -11 dbm at the amplifier output. These regulators have a very slow 
response, the time constants of the thermistors used in them being a matter 
of minutes. 


% 
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10.7 CROSSTALK 


This section discusses briefly the principles involved and the methods used 
in crosstalk balancing the cables for K carrier operation. As mentioned 
earlier, this treatment of the cable is necessary in order to reduce to 
acceptable limits the far-end crosstalk between type K systems operating 
in the same cables. To carry out the procedure requires measuring the 
crosstalk between every carrier cable pair and every other carrier cable 
pair, and then connecting crosstalk-balancing coils and capacitors between 
all the combinations of pairs as determined by the measurements, so as to 
reduce the crosstalk toa minimum. It can readily be seen that the amount 
of work and equipment required to balance a large complement of carrier 
pairs is great, Originally this balancing was done in every 17-mile 
repeater section. More recently it has been found possible to effect 
considerable savings by doing the balancing for three repeater sections at 
one point, because of the great uniformity of the carrier line amplifiers” in 
their phase characteristics, as wellas their gains. 


Between channels of the same system crosstalk is negligible due to use of 7 
the negative feedback principle in all amplifiers of the K system. By proper 
design of the feedback path harmonic frequencies generated by the non- 
linear characteristics of the vacuum tubes may be suppressed over a very 
broad range of frequencies and the amplifiers of this type as used in K | 
systems have been designed to be practically free of interchannel modulation 
effects. (Such effects may result, however, if one of the tubes goes bad.) 


Between channels of different systems crosstalk may be either intelligible 
(from channels of the same frequency band) or in the form of babble (from 
channels of different frequency bands) resulting from inter-system reactive 
couplings and modulation effects. Such crosstalk is reduced to extremely 
low levels by the following means: | 


1. Uniformity of power levels for all systems Operating in the same 
route sections. | : 


2. Use of sepa rate ies: or shielded compartments ina single cable 
- for oppositely bound transmission paths. | 


con Separation and shielding between oppositely bound transmission paths 
in cabling at a ane terminal station offices. 


4. Use of inter-pair iechceaace balancing coils and capacitance balancing 
condensers at the receiving ends of each outside cable section, or 
at the receiving end of several sections in tandem. 


5. Resplicing, poling and splitting of cable quads along existing BOULED 


6, Shielding between component parts of repeater and terminal equip- 
ment Beat Ss 
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7. Use of common ground points in equipment elements. 


8. Inter-action (secondary) crosstalk via paralleling V.F. office and 


outside cabling reduced to the very low values by use of longitudinal 
choke coils in V.F. cable pairs. | 
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11.1 MULTIPLEX FOR COAXIAL SYSTEMS 


In the Type K cable and Type J open-wire systems for which the channel 
bank was first utilized, the translation to line frequencies was a simple 
matter because the system capacity was limited toa single group. For the 
much higher capacity L1 coaxial system both single-step and two-step 
modulation were considered. 


A two-step plan was adopted for the following reasons: 


Selectivity requirements on the band filters were eased. 

Fewer types of band filters were required. 

Fewer carrier frequencies had to be produced. 

As in the case of the standard group output of the channel bank, 

a large group of channels could be provided in a second common 
standard frequency range. These two provisions insured that 
flexibility was built into the multiplex to facilitate interconnection 
of systems without eats reduction to voice frequency for all 
channels. 


Pwr 


e 


Study of fvatiic conditions and the economics of various arrangements led 
to the conclusion that in the second modulation step the output of five chan- 
nel banks should be combined into a basic supergroup of 60 channels. This 
basic supergroup from 312 to 552 kc also became standard both in the Bell 
System and internationally. In the original L1 multiplex eight supergroups 
were combined for line allocations from 68 to 2044 kc. Later two super- 
groups were added at higher frequencies, which were intended ed for 
shorter haul traffic due to transmission limitations of the line. 


The multiplexing arrangements which are eepnenented by this array of 
groups and supergroups and the necessary carrier supplies encompass the 
equipment involved in the new L multiplex as shown in Fig. 11-1. 


About a decade after the Ll coaxial cable system became a reality, a more 
complex multiplex was developed. This was required for the new L3 coaxial 
system which employed highly refined amplifiers and pilot regulators along 
with extremely accurate fixed and variable equalizers. With 4-mile re- — 
peater spacing instead of the eight miles of Ll, the useful transmission 
band was extended to about 8 megacycles. A corresponding channel 
capacity of over 1800 channels was achieved. To attain this larger capacity 
a new concept of combining three mastergroups of 600 channels was 
introduced. The equipment developed for‘this final step of modulation has 
not yet been redesigned. However, the new L Multiplex does provide the 
necessary supergroups to form a basic mastergroup for the L3 terminals. 
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11,2 MULTIPLEX FOR MICROWAVE RADIO - 


The development of multiplex for wire systems antedated microwave radio. _ 
systems: by: many years. - However, with the design of the first commercial 
long-haul microwave radio system, TD-2, it was soon evident that the 

earlier multiplex developed for wire systems would be satisfactory for radio 
terminals, The 600 single-sideband, suppressed carrier channels of the 

L1 multiplex matched the load capacity of a TD-2 broadband channel for 
many applications. The use of the same multiplex for radio and wire systems 
offered significant benefits in standardization. For example, it permitted 
efficient and flexible interchange of traffic at offices using both types of 
Screen | | 


As microwave evel senicnts progressed, the standard betaine! pattern was 
followed. The latest long-haul radio system, TH, employs the L3 master- 
group multiplex (1860 channels) on each broadband radio channel. The new — ; 
short-haul lighter route radio systems, TJ and TL, use partial Ll tie haa 
arrangements up to nee, maximum load handling capabilities. | 
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11.3 CARRIER SUPPLY 


The decision to adopt uniformly spaced channels based on harmonics of 4 kc 
set the pattern for a common carrier supply. The earlier small-capacity 
systems for use on paired cables and open-wire lines used a primary gener- 
ator based on a tuning fork to supply the 4 kc. Harmonics of 4 kc were 
formed by driving a saturable reactor as a pulse generator. The needed 
carriers and pilots were selected by filters. When.the LI multiplex was 
developed, many additional carriers and pilots were needed. Although 

the same general method was followed, certain alterations were made in 

the plan. 


To obtain the higher absolute accuracy needed, the 4-kc base frequency was 
derived as a subharmonic from a high-stability crystal oscillator operating 
at the favorable crystal frequency of 128 kc. As before, the channel and 
group carriers were obtained from a 4-kc harmonic generator. For the 
supergroup carriers, however, a new 124-kc harmonic generator was | 
added with this drive frequency derived from the 4 kc base. Frequency 
differences among terminals working together to provide certain special 
services such as VE telegraph and program were maintained to less than 
about one part in 10°. Frequency precision of this order limits the shift in 
all channels to less than 2 cps. This was accomplished by a system of 
master and slave 128-kc oscillators controlled by a standard reference 
frequency originating at New York. _ | 


11.4 STANDARD ARRANGEMENTS 


A large-capacity multiplex is assembled from many repetitive units which 
may be considered building blocks. Each complete multiplex is an 
assemblage of such blocks uniquely suitable to terminate a particular broad- 
band facility. With the introduction of a new multiplex family, it is 
desirable to use a readily understood descriptive designation for each com - 
plete multiplex. The new multiplex design is radically different, but the 
basic system plan has been retained and the multiplex applications are 
identical to those of the older equipment. In view of these latter factors 
and the field familiarity in referring to this equipment as the 'L" carrier 
terminal, it was decided to retain ''L'"' as part of the various general 
designations. In this usage the letter L implies single-sideband channels 
spaced at 4-kc intervals and assembled in the standard group, supergroup, 
and mastergroup format. 


In the older L carrier terminal, designations such as ''group bank," ''super- 
group bank,'' and ''carrier supply'' were used. These were functionally 
descriptive and were logical separations since assemblages of these 
functional units occupied many bays of equipment. With the very great size 
reduction achieved in the new multiplex, these lines of separation become 
blurred. For example, only one transmit and one receive bay are needed . 
to provide the group, supergroup, and carrier supply equipment for a 
complete 600-channel terminal. These considerations led to the descriptive 
coding that has been applied to the standard L a a family. : 
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The various codes are: 


 L600A - This is the multiplex to convert as many as OF; sentevds groups , 
to line’ ‘frequency allocations for Ll coaxial and TD-2, TJ, and TL... 
radio. A maximum of 600 channels is available, but smaller numbers : 
can be abate | . - . 


L1860A - This is the multiplex to convert as many as 155 aiandaed: 
groups into the basic mastergroups of the L3 coaxial and TH radio 
systems. A total of 1860 channels (3 mastergroups + 1 supergroup) 
are available but fewer supergroups can be furnished. These bays | 
_ do not include the final step of modulation for translation from basic 
mastergroup to line epeaneney allocations. : ; 


L60A and L120A - Pheee differ in principle from the eauinienie istea: 
above in that they are complete packages providing channel banks and 
voice patching units as well as the group, supergroup, and carrier 
supply. A total of 60 or 120 channels is available but smaller numbers © 
can be provided. These small packages are intended to provide - 

- economical terminals for light route TJ or TL radio systems or in 

other special instances where ultimate traffic needs are not expected © 

to approach the capacity of an L600A. | 7 : 


11.5 PERFORMANCE OBJECTIVES 


The ultimate objective for performance is that the new eauieies be suitable 
for the service demands of today and for those of the foreseeable future. 

One of today's more stringent demands has been brought about by customer 
Direct Distance Dialing. In manual operation, the end product of transmission 
service offered to the telephone subscriber had been inspected by the oo, 
operator. In other words, a long distance telephone connection was offered - 
to. the subscriber only after the operators had conducted a satisfactory 
conversation over it. In Direct Distance Dialing, the subscriber himself : 
is the first person who attempts conversation over the particular connection 
set up for his use by machine operation. The lack of inspection of the end 
product then requires much stricter maintenance of the individual facilities 
for adequate assurance that they will provide satisfactory service each. time 
they are assembled in tandem to complete particular telephone connections, © 
The number of subunits likely to be connected in tandem is increased by the 
complex plant layouts which make efficient use of the broadband facilities. © 
A further increase | occurs from automatic alternate routing during heavy 
traffic periods. . 7 


Transmission performance of the original multiplex has been generally | 
satisfactory, and the broad objective for a new design is that its comparable — 
performance be at least equally good. In view of the increasing emphasis 
on multilink operation, however, improvement in certain critical character- | 
istics such as terminal noise and deviations from uniform frequency response 

across groups and supergroups would be desirable to the extent that it is. 

eS Ones! feasible. — : 
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11.6 PHILOSOPHY OF DESIGN 


The original multiplex design dates back more than twenty years, and it was 
quite obvious that substantial benefit could be realized from nothing more than 
redesign of equipment to exploit modern components and design techniques. 
That simple approach, however, would neglect the importance of maintenance 
and fail to recognize new requirements. The actual philosophy of design 

has been much broader with the main purpose of producing a family of 
multiplex arrangements to efficiently meet the needs of today and those of 

the foreseeable future. The following points have been emphasized: 


Exploit.advances in the art. | 

Retain features of proven integrity in the design now in use. 

Correct known deficiencies of the design now in use. 

Where design differences would threaten compatibility of new equip- 
ment with old, reasonable modification of equipment in plant should | 
be undertaken in preference to accepting compromise in the new 
design. 


hod = 


An outstanding example of advance in the art is the use of new ferrite 
materials in components to effect dramatic reduction in the size of filters. 
This is especially significant since filters represent an important part of 
the total bulk and cost of a frequency-division multiplex. 


Design features whose operational value has been proven by years of 
experience include the use of single-sideband channels with suppressed 
carrier, standard frequency allocations for basic groups and supergroups, 
and the use of pilots to monitor group and supergroup transmission. All 
of these worthwhile features should be retained in a new design. 


The multiplex equipment now in use is known to be deficient in ease of 
maintenance to meet the strict demands of service today. The new multiplex 
should include terminal regulation and in-service maintenance access to 
minimize this deficiency. Another fault is that the older equipment was | 
designed for heavy cross-section use and has not been economical where 
comparatively few channels are needed. A new multiplex design should 
include decentralized carrier supply to overcome this restriction in 
application. 


In the original multiplex design, carrier power to drive the numerous modu- 
lators used in frequency translation was derived from a centralized block of 
interrelated equipments. Such a centralized carrier supply is economical 
when fully loaded because its cost is shared by a large number of telephone 
 Ghannels. However, this high cost of common equipment is a serious 
deterrent at small terminal applications. In anew design, itis practical 

to consider generating carrier power in small equipment units to be mounted 
close to the point of use. Such a decentralized carrier supply minimizes 


the cost of getting started and enables the addition of carrier supply capacity 
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in smaller increments as needed. A supplementary benefit of deventral: 
ization is to minimize the bulk of interbay cabling. This is possible because 
it is sufficient to distribute a single base frequency in place of the several 
individual harmonic frequencies needed for carriers in modulation. The 
objective is;to decentralize carrier supply to the extent that small cross-._ 
section terminals become more economical, without significant cost penalty - 
at the heavy..cross -section terminals. 


It is essential ‘nas multiplex equipment of new design be compatible with 
that of older design because, in the normal process of plant extension, it 
will sometimes be necessary for a new terminal to work with one of older 
design at the opposite end of the high-frequency transmission medium. 

Even when new and old designs of terminal are used in juxtaposition in the © 
same office, they must be operationally alike to facilitate maintenance and 
énable service restoration in emergencies. At the expected high rates of 
future production, however, the penalty of compromise in the new design 

to retain compatibility would apply to an indefinitely large number of units, 
whereas reasonable modification of older equipment to resolve ade Ore patipety 
will apply to a definite number of units already in ene 


An éxample of detibenate acceptance of incompatibility to be resolved by | / 
modification of the older plant is the new frequency allocation for Supergroup | 
No. 1. The Bell System standard frequency allocation for Supergroup No. 1 _ 
has been the band from 68 to 308 kilocycles, and itis being changed toa | 
new standard allocation from 60 to 300-kilocycles. This will result in ; 
additional guard space between the upper edge of Supergroup No. 1 and the 
lower edge of the basic supergroup, which eases substantially the design | 
requirements on band filters for Supergroup No. 1. It is estimated that 

the long-term savings in filter cost for new terminals due to the change in 
frequency. allocation will be greater than the total cost of modification of 

plant in service in a reasonably short time, and that substantial savings will .. 
accrue beyond that time. In addition to economy, there should also be an 
intangible advantage in minimizing conflict between frequency allocations 
standard in the Bell System and those recommended internationally. | 


A.sec ond example of incompatibility accepted for resolution by modification 
of plant in service is. the use of a single transmitting cable from channel 
bank to group equipment. Hybrid-derived dual outputs have been provided | 
at the transmitting carrier. frequency side of A-type channel banks for test | 
access and to facilitate in-service patching of group equipment. The hybrid 7 
coil-+has been an integral part of the channel bank with both outputs cabled « 
from there to the high frequency patch bay. A single cable will be used by | 
locating a miniature hybrid coil in the high frequency patch bays of existing . 
installations and in the new transmitting multiplex bays. The use of a single 
transmitting carrier cable will result in significant reduction in cost of 
installation for each new channel bank, and these savings are expected to 
more than counteract the expense of modification where older type channel 
banks are to be used with the new multiplex. In addition to long-term 
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economy, there will be considerable relief from office cable congestion, a. 
matter of increasing concern and expense to the operating companies. The 
use of single cable also enables the design of a compact group distributing . 
frame, a new equipment item that is needed urgently to reduce the time and 
expense of necessary plant pea reneer st to accommodate growth and 
changing Paras of traffic. 


Another important area of study is concerned with the operational integration 
of standard wideband data service with basic telephone message service. 
Study to date of the latter area has already led to the decision to change the 
standard frequency allocations of the terminal pilots of the L-type multiplex. 
At present, a 92-kc pilot is used to monitor the transmission of each group, 
and the Group 3 pilot translated to 424 kc is used to monitor each supergroup. 
These choices are satisfactory for message service in that pilots are | 
located near the center of the band they monitor and correspond to zero 
frequency or 4000 cycles per second in adjacent message channels. Since 
message service does not require the transmission of frequencies close to 
either of these extremes, the pilots do not interfere with message service and 
allow in-service measurement and adjustment of group and supergroup with 
minimum reaction cn service. When the wider bands are offered for data 
service, however, the presence of a pilot near the center of the band is a 
serious restriction. This presents a basic conflict of interest in that a 
pilot is considered essential to good maintenance and yet its presence near 
the center of the band is a deterrent in standard wideband data service. 

The conflict has been resolved by agreement to move the pilots close to the 
edges of the wider bands, using 104.08 kc for group pilot and the Group l 
pilot translated to 315. 92 kc to monitor supergroup transmission. These 
choices appear to sacrifice 4 kc of available bandwidth but the actual waste 
is much less because delay distortion impairs the band edges so that they 
would not be of much value in data transmission. The offset of 80 cps from 
an exact multiple of 4 kc is planned to obviate the need for an expensive 
crystal filter to guard against interference from channel carrier leak. It 

is recognized that changing the entire Bell System plant to new standard- 
frequency allocations for terminal pilots will incur substantial expense to > 
convert existing equipment. Nevertheless, integration of wideband and 
message service is considered essential to future efficient use of the plant, 
and present indications are that a major part of the cost of conversion will 
be recovered in filter savings resulting from the use of an offset frequency. 


The new family of L-type multiplexes will enable the operating telephone 
companies to meet efficiently the need for modern communications over 

the coaxial cable and radio plant of the Bell System. Significant reductions 
in space and power requirements along with regulation and other operational 
advantages are made available for slightly lower first cost of installed — 
equipment, Long-term economy should result from improved service due 
to more effective maintenance with less expenditure of effort. 
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- Fig. 11-2 - Frequency allocation - L600 multiplex. 
11.7 FREQUENCY ALLOCATION | 


Two types of terminals have been developed, the L600 for multiplexing - 

‘up to. 600 voice channels, and the L1860 for multiplexing up to 1860 voice 
channels. The L600 is used as terminals for TD-2, TJ, and TL micro- 
wave radio relay systems and the L1 coaxial cable system. Its frequency 
allocation is shown in Fig. 11-2. The L1860 is used for L3 coaxial and TH 
radio systems. As indicated on Fig. 11-3, the L1860 employs different 
supergroup carrier frequencies for certain supergroups and requires the 
mastergroup stage of modulation. Equipment arrangements for smaller 
numbers of circuits are also being provided; these are the L60 and L120, 
for 60 and 120 channels, respectively. 


The frequency allocations shown on Fig. 11-2 agree with those used on the 


Ll system telephone terminals except for that of Supergroup 1. The band 
| shown, 60-300 kc, is 8 kc lower in frequency than that used in the Ll 
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terminals. The new allocation permits the use of filters for Supergroups 
1 and 2 which do not contain quartz crystals, which were previously required. , 
The new Supergroup l carrier is the same frequency as the Group 3 carrier, 
612 kc, permitting some simplification in carrier supplies. - 


The continued use of 64 kc as a pilot frequency a microwave radio systems 


and for synchronization of carrier supplies makes it necessary to provide 
a 64-kc band-elimination filter in the transmitting Supergroup 1 to clear a 


band for the pilot. 
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The L-3 Carrier System was designed to operate over a broader frequency 
band than the L-1 system. This design provides for a maximum of as many 
as 1860 two-way telephone channels in the frequency range between 312 and | 
8284 kc. As shown in figure 11-3, ten 60 channel supergroups are ‘modulated 
with appropriate carriers to form a master group of 600 voice channels. The 
first master group is placed in the frequency range between 564 and 3084 kc.,- 
the second between 3164 and 5684 kc., and the third between 5764 and 8284 kc. 
In addition, a single supergroup may be transmitted below master group No. 1 
in the basic supergroup range of 312 to 552 kc. 


The plan used to obtain the basic mastergroup for the L1860 multiplex, 
shown on Fig. 11-3, differs from that used in the L3 system telephone 
terminals. The four supergroups numbered 25 to 28 are modulated directly 
to their basic mastergroup allocations instead of using three stages of | 
modulation. The earlier plan required fewer supergroup carrier frequen- 
cies and fewer filter designs. However, with the use of the mastergroup 
terminals for both L3 coaxial system and TH radio system, it becomes 
economical to supply the additional carriers and filters a in order to 
eliminate the sub-mastergroup stages of modulation. 
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11.8 TRANSMITTING CIRCUITS 


The block schematic on Fig. 11-5 shows the group and supergroup circuits. 
The output of the transmitting portion of the channel bank is connected to 
terminals on the transmitting group distribution frame, and through the 
frame to the pilot insertion equipment on the group and supergroup trans - 
mitting bay. The 92-kc elimination filter clears a pilot channel between 

two voice channels. It is required to suppress the carrier leak at 92 kc 
which would interfere with pilot operation. The 92-kc group pilot is 
introduced through a hybrid transformer. The output including the pilot is 
fed to a second hybrid transformer which provides two equal outputs. One of 
these is connected through normal contacts on jacks to the transmitting group 
equipment. The second output is available for monitoring or emergency 
patching. 


If the terminal is retransmitting a group that has been received from an 
incoming system, the group signal is transmitted through a group connector 
including a bandpass filter, the group distribution frame and the pilot 
insertion equipment. If it is desired to operate with a through pilot, a pad 
is substituted for the pilot elimination filtér and pilot hybrid transformer. 


In small offices the group distribution frames may be omitted and the | 
connections made directly from channel banks or group connectors to the 
_ group equipment. 


A transmitting group amplifier is combined with the group modulator ina 
single plug-in assembly. The lower sideband of the modulator output is 
selected by a bandpass filter. The filters for the odd-numbered groups have 
their outputs in parallel. Similarly, the two even-numbered group filters 

are paralleled. The two sets of outputs are added in a hybrid transformer. 
The entire band from 312 to 552 kc (5 groups) is amplified in the transmitting 
intermediate amplifier. A low-pass filter to suppress out-of-band harmonic 
products follows, and two equal outputs are provided by a hybrid transformer. 


Each group bank output is modulated by an appropriate carrier, and one 
sideband is selected by a band-pass filter. An exception is Supergroup 2, 
which is not modulated, but transmitted directly. As with the group filters, 
the odd-numbered supergroup filters have their outputs paralleled on one 
side of a hybrid transformer and the even-numbered on the other side. One 
output of the hybrid transformer is normally terminated but can be used for 
monitoring. The second output is patched to a terminal trunk for connection 
to the transmitting system for the L600 multiplex. When two or three 
mastergroups are to be combined in an £1860 multiplex, the supergroup 
ase output is amplified by a transistor feedback amplifier with a gain of 

26 db. 
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11.9 RECEIVING CIRCUITS 


At receiving terminals the baseband signal is received from the radio 
terminals or the mastergroup equipment. It is separated into supergroup 
bands by filters, and all except Supergroup 2 are demodulated to the basic 
supergroup band, 312-552 kc. Each supergroup signal is amplified by a 
regulated amplifier similar to that of the receiving group except that the 
Group 3 pilot at 424 kc is used to control the regulator. 


The receiving group equipment accepts the 312-552-kc band from the super- 
group equipment and separates it into group bands by filtering. The output — 
of each group filter is demodulated to the basic group band, 60-108 kc. © 

The lower sideband is selected by a low-pass filter and amplified. The 

gain of the amplifier is controlled by a regulator operated by the 92-kc 

pilot. This maintains the pilot at the output of the amplifier at a substantially 
constant level. Since the gain of the amplifier is constant over the group 
band, the regulation compensates for any flat level deviation that may occur 
in the transmission circuit, at either terminal, or in the connecting system. 


The main output of the group amplifier is connected through normal contacts 
on jacks to the receiving group distribution frame and through it to the 
receiving portion of a channel bank or to a group connector. A second 
output of the group amplifier is connected to a scanner circuit and a pilot 
alarm eet These circuits will be described in later sections. 


11.10 REGULATORS 


In the Ll and L3 terminals, group pilots at 92 kc are added at the trans- 
mitting terminals. These are used for circuit monitoring and for periodic 
manual adjustment of receiving group gain controls. The pilot in Group 3, 
424 kc, is used for adjusting the supergroup gain control. With the increased 
complexity of the toll plant, in which some group circuits may be connected 
through several different transmission systems and several sets of terminals 
via group or supergroup connectors before reaching the receiving channel 
bank, small deviations in level frequently accumulate. With the more 
stringent requirements of Direct Distance Dialing and data transmission, it 
has become difficult to achieve aS performance with manual | 
adjustments. 


Continuous adjustment of receiving supergroup and group gain by pilot- 
controlled regulators offers substantial improvement. After considerable 
field experience with experimental and prototype regulators installed in 

Ll terminals, it was decided to include both group and supergroup regulators 
in the new terminals. | 
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Fig. 11-6 - Block Schematic of Transmitting Master Groups: : 
‘11.11 MASTER GROUP TERMINAL CIRCUITS | 


A complete. 1860 channel all mes sage veeanal: requires three transmitting 
and three receiving master groups. These are designated as MG l, 
MG 2, and MG 3. The terminal is so arranged that any or all master 
-groups-can be used if required. If only master group I is installed for: 
initial use, either or both of the remaining master groups can be added 
later without interruption of service if the combining ae have been 
- provided on the initial installation. 


The transmitting master groups provide the means tow placing the. fcciien: , 
cies. received from their associated submaster group banks into their | 
proper positions in the line-frequency spectrum. The output from a basic | 
master group of 10 supergroups passes, without modulation, through _ 
master group 1 to become the lower portion of the line-frequency band. 
Modulators in master groups 2 and 3 translate the frequencies received 
- from other basic master groups, to their higher frequency portions of the 
_line PRECte The function of the receiving master groups is the reverse, 
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that is, to select from all of the line Hecauencies only those required by 

their associated supergroup banks. The higher line frequencies selected 

by master group 2 and master group 3 are demodulated in two steps to ; y 
provide the proper frequency bands for the associated receiving supergroup 
banks. Two steps of modulation and demodulation are used in master groups 

2 and 3. Figs. 11-6 and 11-7 show the block schematic and level diagram 

of the transmitting and receiving master group circuits. | 


REG MG1 OUT ‘ 


~ REG. 
REC HYB 
OUT 


“EQPT 


MG 3 | | ni - 4 


18.20 (0-10) _-14 
+20DBM +20 DBM me 


Fig. 11-7 - Block ‘Schematic of Receiving Master Groups 
11.12 L4 SYSTEM 


A new coaxial cable system employing transistor repeaters with a capacity 
of 3600 voice channels on each coaxial pair is being developed for Bell 
System use. The L4 System is expected to meet the need for more long 
haul circuits and to obtain better utilization of the coaxial cable. The 
continuous development of high frequency transistors has resulted in 
devices which are satisfactory for use in wideband repeaters. The con- 
tributions of system engineering, outside plant, power plant, network 
design and systems design groups have resulted in many innovations in 

the new system. 7 
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The repeater spacing for the Ll system using 0.375 inch coaxials averages 
7.5 miles, and for the L3, about 4 miles. The L4 System average repeater 
spacing has been set at 2 miles in order to make the maximum use of 
repeater sites in converting existing routes to the new system. The L4 
System, like the Ll and L3, will use amplitude-modulated single-sideband 
transmission of voice channels employing the L-Multiplex terminal equip- 
ment supplemented by a new mastergroup ue . 


The line fr equeney allocations are shown on Figure 11-8. The mastergroup 
(600 voice channels) has become the standard block for long haul circuits 

in the Bell System. The six mastergroups are separated by guard bands 

to permit dropping and blocking any one mastergroup at a main station. 
without demodulating the others. This feature will reduce the amount of 
terminal equipment used at dropping points and decrease the number of 
terminals required in tandem for long circuits. 


New television terminals for the L4 system may be developed later, but 
initially it is planned to use those developed for the L3 System. The 
frequency allocation will be the same as L3, with the television band 
replacing mastergroups 2and 3. Field testing will be required to deter- 
mine the number of mastergroups which can be transmitted simultaneously 
with the television signal, as a function of distance. : 


A main pilot is located at 11. 648 mc, in the guard band between master- 
group 4and5. This location was selected in preference to lower frequen- 
cies to avoid interference with the television band. <A synchronizing pee 
for the multiplex terminals is located at 512 kc. 
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Fig. 11-8 - L4 Frequency Allocations | 
(Note that upper sidebands of message channels 
are transmitted in all MG except MG 1) 
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-L CARRIER TRANSMISSION LINE 


12.1 COAXTAL CONDUCTORS 


Our consideration of transmission lines thus far has been confined to lines 
made up of two parallel wire conductors. An entirely different configura- 
tion of conductors may be used to advantage where high, and very high,.- 
frequencies are involved. This configuration is known as coaxial and the 
conducting pair consists of a cylindrical tube in which is centered a wire as 
shown in Figure 12-1. In practice the central wire is held in place quite 
accurately by insulating material which may take the form ofa solid core, 
discs or beads strung along the axis of the wire or a spirally wrapped © 
string. In such a conducting pair equal and opposite currents will flow in 
the insulated central wire and the outer tube just as equal and opposite 
currents flow in the more ordinary parallel wires. 


Fig. 12-1 (a) Coaxial Gable Cross © Fig. 12-1 (b) 
Section 
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At high frequencies, a unit length of coaxial in which the dielectric loss in 
the insulation is negligible (effectively gaseous) will have an inductance 
which is about one-half the inductance of two parallel wires separated by a 
distance equal to the radius of the coaxial tube. The capacitance of the 
same coaxial is approximately twice that of two parallel wires separated by 
the same distance and having the same diameter as that of the central _ 
coaxial conductor. If the outside radius of the central conductor is 
designated a and the interval radius of the tube is b, the characteristic 
impedance at high frequencies neglecting leakage may be shown to be 


approximately - | | 
Z L 138 log b | 
0 _|¥ = 5 = - (12:1) 


The attenuation constant per mile, where both conductors are of the same 
material, varies as the square root of frequency and is approximately - 


| 1 l 
f(t +] 
aR  — .24x 10-4 ‘ae b 


log 2 (12:2) 


where a.and b are in centimeters. From equation (12: 2) it may be 
determined that minimum attenuation is obtained when the coaxial is so 


designed that b/a = 3.6. With this configuration Z is about 77 ohms. The 
present standard coaxial used for transmission in the Bell System employs 
a copper tube .375 inches in inside diameter and a copper center wire 

.1004 inches in diameter. This, it will be noted, approximates the 
optimum ration specified above for minimum attenuation. The nominal 
impedance is about 75 ohms. Velocity of propagation in the coaxial 
approaches closely the speed of light. A study of the basic characteristics 
of the coaxial shows that at the high frequencies assumed, the attenuation 

is substantially less than that of a parallel wire line of comparable 
dimensions.. More important is the fact that the shielding effect of the 
outer cylindrical conductor prevents interference from external sources of 
electric energy being transmitted over the coaxial. Although the coaxial 
cables have no cutoff frequency, the attenuation for high frequencies becomes 
so great that the repeaters must be placed very close together. There is, 
therefore, an upper frequency range above which it is uneconomical to 
transmit with the equipment and methods available. In the "L"' Carrier 
Systems this spacing is every 8 miles for L-l, every 4 miles for L-3, 

and every 2 miles for L-4. 
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(12.2 L CARRIER SYSTEM REPEATERS 
General 


The word il easter, " as used in ‘this section, is an siiz inclusive term 
embracing the components, installed at any one location, necessary to 
provide for the satisfactory transmission of the frequencies employed in the 
Ll, L3 or L4 system. Each carrier system requires two coaxials, one in. 
each direction, for 2- -way transmission and each system has its own indi- 
vidual components, i.e. power separation filters, ba sic equalizers, 
amplifiers, ipeeene! PERU EONS, pilots, etc. 


Repeaters can be divided into two general classes: those that receive 


power from the cable and those that obtain power locally. The first group > ‘ | 


includes the auxiliary and equalizing auxiliary repeaters. The second 
group includes the equalizing main, the switching main, and the terminal 
repeaters. Main and terminal repeaters usually contain a power plant 
which transmits a constant ac power current to feed auxiliary and 
equalizing auxiliary meb en ere 


Auxiliary Repeater (Ll & L3) 


The auxiliary repeater provides 2-way amplification and regulation which 
produces a gain characteristic closely equal to the loss of 8 miles of 0.375 
inch coaxial cable for Ll and 4 miles for L3. = 


Equalizing Auxiliary Repeater (L3 only) 


The equalizing auxiliary repeater is basically the same as the auxiliary _ 
repeater, however, it also includes fixed, dynamic, and manually adjust- 
able equalization required to reduce unequalized deviations introduced by a 
number of auxiliary repeaters to the desired value. | 


The Equalizing Auxiliary Repeater provides supplemental éganlieauon 5% 
- approximately 32 auxiliary repeater sections and is powered from the 
cable. — 


Equalizing Main Repeater (L3 only) 
The Equalizing main repeater is the same as an equalizing auxiliary 


repeater except that it has facilities for supply power to adjacent Bowe 
sections.: | | . 
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Switching Main Repeater (Ll and L3) 


The Switching Main is the same as an equalizing main plus providing 
facilities for automatically switching to the standby line when necessary. 
It also has additional dynamic and manual equalization to further reduce 
accumulated deviations in the line freq. band. This makes line as flatas 
possible facilitating switching to a standby line. It will also provide delay 
equalization for combined MSG. & TV transmission. | 


The L1 System also has non-switching mains and branch pts. for dropping 
Some circuits and passing others. 


Terminal Repeater (Ll and L3) 


The Terminal repeater is substantially the same as a switching main 
repeater but all facilities are modulated down to at least supergroups (and 
vice versa) and with all line pilots introduced. 


Basic Repeater (L4) 


The principal parts of the basic repeater are two power separation filters, 
a preamplifier, a line building-out network, a power amplifier, anda 
voltage regulator diode. The line building-out networks are constant 
resistance networks having an insertion loss corresponding to that ofa. 
specified length of coaxial line in 0.1 mile steps from 0.1 to 1.0 miles. 
These will be used when required to adapt the fixed gain of the repeater to 
the loss of the associated cable sections. A signal-to-noise advantage is 
obtained by locating the network between the two amplifiers instead of in 
front of the preamplifier. By the use of these networks in the repeaters at 
both ends of a repeater section, sections as short as one mile can be 
accommodated. An occasional section as long as 2.5 miles can also be 
used by locating shorter repeater sections on each side of it to maintain 
the 2.0 mile average. 


The performance of the repeater is dependent to a large extent on the 
transistors available for use in the amplifiers. Two new types of silicon 
planar transistors were developed for this use. The first has an f,, of | 
about 950 mc, a low frequency common emitter short circuit gain of about 
150; and a noise figure at 17 mc of about 4.5 db with a bias current of 
20 ma. Itis used for the first stages of the preamplifier and the power 
amplifier. .The high bias current has been found necessary, even for | 
these stages, to reduce intermodulation. 


The second type is a medium power transistor with an f,.. greater than 


700 mc and low frequency gain of about 50. It is mounted on a beryllia 
header for good heat transfer. With the case temperature held at 259C, 
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collector dis sipation of 5 watts or more can be used without shortening life. 
This transistor is used for the output stage of the picemplricr and the | 
second and third stages of the power amplifier. | | 


In addition to the parts which are in common with the basic repeater, a third 
amplifier, is added to the regulating repeater which is similar to the power 
amplifier except for the feedback network. A thermistor- controlled variable 
equalizer is incorporated in the shunt branch to correct for changes ino 7 
cable loss with temperature. The amount of this correction is controlled by 
a pilot regulator which monitors the power of the 11.648 mc pilot through a 

hybrid transformer. At the normal pilot power, the amplifier has a constant 
gain of 13 db at all frequencies in the band. A fixed deviation equalizer ; 
corrects for the average gain deviation of the basic Oe ae. in the preced- | 7 
ing regulating section. a 


The second half of the repeater contains a second variable equalizer which | 
makes a preliminary correction for change in cable loss due to temperature 7 
for the following regulating section. The thermistor of this equalizeris — 
controlled by the resistance ofa thermistor buried near the cable ata 

short distance from the repeater. This method is used to reduce almost by 
half the misalignment in transmission levels which would occur ey operating | 
both equalizers from the pilot. : se 


12.3. EQUALIZATION | 


The equalization of wideband coaxial systems for long haul service requires — 
several steps of increasingly complex equalizers. The L3 system employs 
six pilots across the band, each controlling the adjustment of a variable 
equalizer. Manually adjustable equalization is provided by 15 terms of © 
cosine equalizers and 6 additional equalizers. providing greater control over © 
| portions of the band. The manual equalization is adjusted on an out-of- * 
service basis by switching the message traffic to the spare line facilities, © 
and using a swept-band technique for Serene aes the opHnam aaiyotncat: 
of the cosine equalizers. | 4 


The increasing use of message channels for data transmission makes it 
desirable to avoid unnecessary line switches which may introduce errors. 
Equalization for the L4 System is being designed for in-service adjustment, 
at least for. those equalizers which will need frequent adjustment. The 
general equalization for random deviations will be based on groups of 
adjustable ''bump"' equalizers, each introducing a bell-shaped gain frequency 
characteristic. Such equalizers are used in the Ll System and in a'recent ~ 
French system.. The equalizer adjustment can be determined and changed 
on an in-service basis by measuring test fone which are not in nieces 
channels. 
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The use of transistor repeaters is expected to reduce the amount of change 
in gain with time compared with systems employing electron tubes. 
Initially, only the main pilot at 11.648 mc will be used to control continu- 
ously adjustable equalizers located at the regulating repeaters as 
‘described in the previous section. If later experience shows it to be 
desirable, one or two additional pilots at the band edges can be used to 
control equalizers at main stations or at equalizing repeaters. 


It is desired that equalizing repeaters be unattended and present plans are 

to install the repeaters underground. The equalizers are arranged for 
remote control from the adjacent main station by using thermistors as the 
control element in each equalizer and by a memory circuit for each which 
supplies a constant heater current for the thermistor. The.magnitude of 
the current can be changed by commands from the main station when 
required. The local memory, or "holding" circuits make it unnecessary to 
have continuous signals from the main station to control the equalizers. 


The commands to change equalizer settings are transmitted as audio tones 
modulating carriers in special channels located in the 300 to 500 kc 
Feequeney band. 


To enable the operator at the main station to determine the optimum 
equalizer settings, six crystal oscillators with constant output power are 
installed with each equalizing repeater. These oscillators can be switched 
to inject their outputs at the six test frequencies into the pipe being 
equalized, on command from the main station. By measuring the power of 
the test signals at the main station as the oscillators are switched on and 
off from successively more remote locations, the optimum changes in 
settings can be computed. 


Five binary counter stages are used in each memory unit, providing a 
reversible memory with 32 states. The readout is converted to a current 
supplied to the heater of each thermistor. The long time constant of the 
thermistor makes the transition during adjustment gradual, so that data 
transmission within the mastergroup bands will not be affected. 


At main stations, in addition to 6 adjustable equalizers which duplicate 
those in the equalizing repeaters, nine more equalizers will be provided, 
which will be adjusted using test frequencies located between mastergroups 
or in the guard band within each mastergroup which separates the sixth and 
seventh supergroup. 
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TYPE "N" CARRIER SYSTEMS 


13. 1 INTRODUCTION 


In the late 1940's, because of increased cost of cable facilities and the need 
for more toll facilities resulting from the intertoll dialing program, the 
need for an inexpensive short haul carrier system became obvious. In-many 
areas, half the toll circuits are 35 miles or less in length and only a very 
few are over 200 miles in length. If the longer exchange trunks are in- 
cluded, the proportion of shorter circuits is even greater. If a carrier 
system is to be economically feasible for these short circuits, the per 
channel cost must be lower than the per channel cost for voice frequency 
circuits over additional eabre facilities. 


Existing carrier systems (K, L etc.) could not meet this cost requirement. 
Since the maximum length of the circuit would not exceed 200 to 300 miles, | 
many cost reducing designs were feasible. (200 miles of N carrier is about 
the equivaient of 1,000 miles of K2 carrier for circuit quality). The mini- 
mum length of circuit that could utilize N carrier, produced at a lower cost 
than the voice frequency loaded cable and repeaters, depends upon many 
factors. 


For example, if the N carrier is to be used over existing cable and the 
additional voice frequency circuits will require new cable facilities, the 
carrier will be economical for lengths as short as 15 or 20 miles. However, 
if mew cable facilities are not required in either case, the carrier would 
not be economical for distances less than 35 miles. Where costs are about 
even, the transmission advantages favor the carrier. 


13s GENERAL 


The N2 carrier system employs transmitted carrier double sideband trans- 
mission with channels spaced every 8 kc. For most installations, 12 
channels, numbered 2 to 13, transmit carriers at 8 kc intervals from 176 kc 

to 264 kc (high group) in one direction of transmission, and at 40 kc to © 
128 kc (low group) in the opposite direction of transmission. Fig. 13-2 
shows an N2 terminal. A channel 1 is available for use in place of any 
other channel which may be unavailable because its frequency band is used 
for wideband data service, or is unsatisfactory due to interference. 
Channel 1 may also be used as a maintenance spare to temporarily replace 
any channel in trouble because of a defective modem unit. Use of channel 
las a maintenance spare reduces the required stock of spare equipment. 
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Channel 1 has a 168 kc carrier for high-group transmission and a 136 kc 
carrier for low-group transmission. All carrier channels are generated 

and detected in the high-group range to simplify filters and other elements. 
However, since they may be transmitted over the line at either high- group 

or low group frequencies, a low-group range is obtained by group modulation 
with 304 kc carrier, the lower sideband being selected by filters. When 
low-group frequencies are received, they are modulated with a 304 kc carrier 
and filtered to select the lower sideband to obtain the Bie He Tour frequencies 
ReCUIEES ie the channel Sano navn e: 


The N2 carrier eegmiaal oumment is eo atoaded for. use with either N1. 
electron tube or transistorized repeaters, or with N2 transistorized 
repeaters (when available). Power for repeaters may be fed out as direct 
current over the simplexes of the same two cable pairs which transmit the 
carrier signals. When electron tube repeaters are used, power may be 
fed to one repeater adjacent to a terminal. When using transistorized 
repeaters, power may be fed to as many as the first three repeaters along 
a route. Accordingly, N2 terminals are arranged to provide +130 volts 
and -130 volts for power feed to electron tube repeaters or -48 volts and 
ground, +130 volts and ground, -48 volts and +130 volts, or +130 volts. and 
-130 volts for power feed to transistorized repeaters. 


NZ carrier terminals are sued for use ‘cuy with cebana external E- type 
single-frequency signaling. Automatic trunk conditioning equipment, in- 
cluding’the carrier group.alarm circuit (CGA), and CGA signal receiver 

must be associated with each terminal and the E-signaling equipment 
associated with it. The message channels using channel positions A and B 
must be connected to the E-signaling units at the carrier terminal offices. _ 
These units and the CGA signal receivers at the terminals are required 

_ to control the service restoral control circuit in the carrier group alarm | 
equipment. Other message channels may or may not be associated with 
signaling. The carrier group alarm equipment is located in miscellaneous 
bay space outside the terminal bay. The CGA signal receiver is located 

in an E-type signaling unit.bay. Either 4-wire terminating circuits, in- 
cluded in some E-type signaling units or separate 4-wire terminating sets. 
may be used with N2 carrier channels depending upon circuit requirements. 
Fig. 13-1, isa line diagram showing typical interconnection of N2 carrier 
terminal bays carrier group alarm equipment, CGA signal receiver, and _ 
E-type single-frequency signaling equipment, and the optional use of 4-wire | 
terminating sets and volcan -ESduency. perce bay eaeeients - 


A. complete N2 carrier berminal requires not aly a part ofa shop-wired 
terminal bay with associated plug-in units but also two or more E- -type 
signaling units, a carrier group alarm (CGA) unit, a CGA signal receiver 
and numerous trunk circuits. For the purposes of this practice, trunk 
circuits are defined as connections to switching circuits, subscribers 
lines or VF extensions to other offices. They may be 2-wire or 4-wire 
with or without 4-wire toaraatane sets, but each may be reached via 
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Fig. 13-2 N2 Carrier Terminal - Front View 


suitable transmission and signaling connections at a distributing frame. 
The circuit derived from each of the twelve channel positions in an NZ 
terminal may be used for a wide variety of purposes. The circuit may 
require different types of plug-in units, different types of E signaling units 
(which may be omitted), and connections through or around sections of the 
CGA unit as well as different trunk circuits. 


13.3 FLEXIBILITY AND CROSS CONNECTIONS 
It is seldom possible to predetermine the specific arrangements for each 


channel when an installation is engineered. Reassignment of channels 
from time to time is a common occurrence. Accordingly, the main 
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circuits are connected to a distributing frame by universal cabling so that 
they may be interconnected or bypassed by suitable cross-connections. 

This and optional strapping at terminal blocks on the CGA make possible 

_ office engineering and subsequent assignment or re-assignment of channels 
to services and trunks without additional engineering or installer effort. 
Fig. 13-1 illustrates typical interconnections between channel positions 

and trunk circuits. 


The compressor input leads (T & R) and the expandor output leads . 
(Tl & R1) of channel positions A to Min the N2 terminal bay are connected 
to the distributing frame (IDF) either directly or via a patching and moni- 
toring bay when centralized testing and interchange of carrier channels is 
desired. Connections to channel position J are shielded and always are 
connected direct to the IDF and then to the patch bay if it is desired. 


The input (Tl & Rl) and output (T & R) leads on the line side of the E-type 
signaling units are also connected to the IDF. In like manner, the line 
and equipment side connections to the CGA signal receiver are connected 
to the IDF. As illustrated in Fig. 13-1, both line and equipment connections 
are Tl and Ri leads corresponding to 12-wire universal cabling to the 
Eetype signaling positions. If the office uses 7-wire or 8-wire cabling, 
the leads from the CGA signal receiver to the EQ block on the IDF would 
be designated T & R rather than Tl and Rl, but they would be cross- 
connected to Tl & R1 leads on the L block for the E-type signaling unit in 
test channel 1. This flexibility between channel positions and E-type 
signaling units facilitates rearrangements for purposes puee as ine | 
following: 


(a) omission of signaling units on channel position C to M arranged for 
through signaling, program or other special services, 


(b) reassignment of E-type signaling unit positions to BeCOM OGaES new 
“yee? of signaling suchas E1L-A and E1S-A, and 


(c) use of the CGA signal receiver on test channel 1. 


It should be noted that the cabling to and from E-type signaling shelves may 
not meet the transmission requirements of some of these services and | 
routing through connectors plugged into E-type aignarine unit shelves 
would not be desirable. : 

The equipment side of each E-type signaling unit position is connected to 
an EQ block on the IDF by T & R and two supervision leads E. and (M, S, 
Sl, etc.). The line side of each test channel or nontest channel block on 
the CGA unit is connected to an L block on the IDF by T &R, E and : 
(M, S, Sl) leads. One or more of these leads may be cross-connected to 
an E-type signaling unit as required by the type of trunk circuit, type of 
Signaling unit and test or nontest assignment of the channel. In many > 


153.5 


| CHAPTER | 13 TYPE "N" CARRIER SYSTEMS 


_ assignments, . some ss ess leads are cross-conmnected to trunk circuits and 
- routing via.CGA unit would: not be satisfactory for transmission and/or 
supervision reasons. Only the leads requiring CGA processing in the 
particular assignment are routed through the CGA unit. An example‘in | 
Fig. 13-1 is the T & R and:M leads for the nontest channel with E & M- 
signaling. It may be noted in:the example used for test channel No. 1 that 
in some instances, the CGA: S lead at the L block on the IDF is cross- , 
connécted to an S lead-on the trunk circuit rather than to an S lead. on the © 
EQ block for an E- -type signaling unit, i.e., the S noeee of the CGA are in 
‘series with two parts of the trunk circuit. 


Each test or sonte st channel block on the CGA anit is conne ected to an EQ 
block on the IDF by T & R,: E, (M, S, Sl, Bl) and B2 leads. There are 
only five leads from each CGA block but one of them has multiple desig- — 
nations as shown in Fig. 13-1. In some assignments, all five leads are 
cross-connected to a trunk. ‘circuit but in other assignments, as few as one. 
lead may be used. Use of: channel positions C to M for message channels _ 
without signaling, program‘or some special services, require direct. 


- eross-connection fromthe EQ block on the IDF associated with the N2 


terminal channel positions and the L block on the IDF associated with the 
trunk circuit. . These connéctions are illustrated at the top of Fig. 13- 1. 


In many weal oaments euce as nontest ghee when E and M lead supervision 
is used, the T & R leads andthe M lead do not require processing in the . 
CGA unit. Accordingly,. cross-connections are often required from the © 

EQ block on the IDF associated with the E-type signaling units to the L 
block on the IDF associated with the trunk circuits. 4-wire to 4-wire 
signaling units’ such as E1B, E2B, and E3B, use Tl and R1 leads which 

do not require processing inthe CGA and are cross-connected directly to. 

the trunk circuit as shown. ona nontest channel in Fig. 13-1. 


- In locations where ena LINE and EQ jacks are wired in the E and 'M leads, 


| the se.jacks would be wired: ‘on the equipment side of the CGA circuit (if used) 
or-on the equipment side of:the E-type signal unit. 


As previously discussed, the input and output pairs (T & R and Tl & Rl) for 
channel position J are used‘alternately for message or 40.8 kilobit data 
service and are shielded. When used for data these leads should not be 
routed through a patching. and. monitoring bay. This would be undesirable for 
transmission and operating reasons. Accordingly, the T, R & S (shield) 
and- Tl, Rl and. S1 (shield).. leads of channel position J are connected to an 
EQ block on the IDF. They, may be cross-connected to 40.8 kilobit data | 
circuits, to patching and monitoring jacks or signaling units as desired. 

It is expected the use of some N2 systems will involve frequent changes 
between 40. 8 kilobit and message use. This involves interchanging N2 
plug-in units.. Provision of patching jacks in the 40.8 kilobit circuit would 
permit patehing: and testing at the location of the 40.8 kilobit equipment. 

In such an arrangement, both the channel position J and the patching bay . 
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leads would be cross-connected to the 40. 8 kilobit data equipment and 
cross-connection changes would not be required during switching from 
data to message use. Fig. 13-3 is a block diagram of an N2 terminal 
arranged for message use. | 
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| 13.4: CHANNEL PLUG-IN. UNITS 
| Compandors: 


Each compandor. consists: ‘of a:compressor at the transmitting end of the 
circuit and a expandor at the receiving end. The compressor functions 
by. compressing the. range: of speech volumes at the input to a range app- 
roximately one-half as great at its output. This means that for every. 
2-db.. change in the input Speech volume, its output changes only 1 db. 
This action is: such that the weaker speech is raised in volume (thereby 
obtaining improvement. in«its relation to noise and crosstalk picked up _ 
onthe N. channel betwéen the compressor and the expandor) and the louder 
a speech (which already has. a favorable relation to noise and cros eo is. 
= prcomeely unchanged... : a 


: At the far end. of transmission, the expandor which receives ‘the compressed 
speech reestablishes the original volume range, by expanding the input 
_ range of volumes toa range twice as great. For every 1 db change in 
input, the expandor. output: changes 2 db. The action is such that the weaker 
inputs | are reduced in strength and the louder inputs undergo relatively — | 
little. change. Thus noise ‘and crosstalk, which at the expandor input are 
moderately low with respect to speech volumes, are reduced in strength 
in the.interval between speech bursts; so that a -more favorable relation - — 
ship of: speech to interference is obtained. -_, 7 


_Comparidors have been dentgned into the N Carrier System in order to 
take advantage of the economies. effected by their use. They improve 
_ the relationship: of message’ to. crosstalk and noise ir the transmission _ 
medium. The system is designed so that.a signal of: +5 dbm at zero level 
ahead.of.the. compressor. will also produce +5 dbm at a zero level in the | 
compressed portion of. the. circuit (between compressor and expandor) 
and also.at a zero level point at the output of the expandor. Briefly stated, 
ad dbim. signal is unalterett nae either cd aes or expandor. 


The diagram of Fig. 13.4: 4lustrates the essential features’ of the eompendas 
action with relation to signal levels. The diagram shows a compressor and | 
an’ expandor connected by.a ‘transmission medium. Signal strengths through- 
out are indicated. The +5 dbm input power very nearly represents the power 
in the speech of the strongest talker and it passes through the compressor © 
without alteration or with unity transmission. Now as the input signalis — 

_reduced.a given number of. db, the signal after the compressor is reduced — 

only half this. number of: db. -For example, an input signal of -20 dbm at _ 
zero: level. (a reduction of. 25° db from. the reference +5 dbm) becomes 
-7.-5 dbm' at. zero level following the compressor (a reduction of only 
12.5 db from the. reference +5 dbm). 
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Fig. 13-5 - Input- aa Load Characteristics of aN Compandor | 


Figure 13-4 illustrates the increased smplinide of weak signals relative to 
the strong signals resulting from compressor action. This permits the 

_ transmission of these weaker signals over lines with severe noise conditions 
that would otherwise make transmission intolerable, Another chart illustrating 

compressor performance is shown in Figure 13-5, The solid line compressor 

curve shows an input-output characteristic of an ideal compressor. For ease 

of illustration zero levels have been taken for yeput and output. 
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The load line shows a 2 for 1 characteristic down to an input of -51 dbm 
where the compressor becomes linear. This is called the knee of the» 
compressor characteristic. The compressor output at the knee of. the | 
_ characteristic is -23 dbm. This point represents the maximum benefit that | 
_ can be given to weak signals; signals which without a compressor would go 


out at -51 dbm now are transmitted at -23 dbm, a signal to noise Se aah: 
of 28 db. te BPs 


Message Compandor Bu 


The message compandor unit, isa sihelexmicdlié wide plug-3 in @nit which — 
is tequired for each terminating message channel. The units used for all 
praaai are identical. Included in this unit are: 


(a). A compressor eae. which wedaces the volume range 68 the voice- = 
frequency signal before modulation in the transmitting terminal. 


(P) An expandor clrcutt which restores the volume range of the signal 
. after demodulation in eo receiving terminal. 


The expandor unit includes an output adjustment potentiometer which is. 
accessible on the face of the unit. Four pin jacks are provided on the face 
_of the unit for use with test equipment to monitor and measure the level. at. 
voite-frequency input and output. These pin jacks may also be used for a 
52K headset when an out-of-service channel is used for a temporary talking 
circuit. a | 


| ‘Message Modem 


The message channel eae ro unit, isa eakacuciics wide plug-in unit 
which is required for each channel (except program channels). There are 
13 different units, one for each channel frequency. Each modem includes — 
two complementary devices, y» a modulator circuit and associated oscillator, 
- anda demodulator circuit and associated regulator. The modulator circuit 
_ réceives voice-frequency signals from the compressor and translates them 
_ toa double-sideband carriér~frequency signal in an 8 kc band within the 
 high-group frequency range.of 164 to 268 kc. The demodulator circuit 
selects its specific.8 kc wide channel from the 12 high-group carrier 


. channels received from the group receiving unit. Then the selected channel 


signals pass through a regulating amplifier to the demodulator and are 
modulated down to voice frequency for transmission to the expandor. A 
complete terminal may be equipped for 12 channels, generally utilizing 
channels 2 through 13. Channel 1 may be substituted for any one of these 
¢thannels. Test points are provided o on ae aaeG of the channel modem unit 
for use in meee a Ueene: a | | | 


| (a) modulator input level (voice) 
(b) modulator output level (carrie r) | 7 
(c) level at. the output of the re ceiving channel band filter (carrier) 


-(d) demodulator output level (voice) 
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Schedule C and D Program Units 


Schedule C and D program compandors and modems may be used instead 
of message compandors and modems in channel positions C to M. They 
cannot be used in channel positions A or B because they are not compatible 
with the signaling associated with those positions. The 2l-volt power 
required for these units is approximately the same as that of the placed 
message channel units. Schedule C and D program channels may be 
located at carrier frequencies for channels 3, 4, 5, 6, or 7if N2WM-1 
data service is not required. Only channels 3 and 4 may be used for 
schedule C and D program if N2WM-1 data service is required. 


The compandor unit for schedule C and D program, is a single-module 
plug-in unit equipped with a 20 contact plug and card:assemblies of apparatus 
components. This compandor is suitable for either schedule C and D 
program or message service. Included in this unit are: (1) a compressor 
circuit which reduces the volume range of the voice-frequency signal before 
modulation in the transmitting terminal and (2) an expandor circuit which 
increases the volume range of the signal after demodulation in the receiving 
terminal. The expandor circuit includes an output adjustment potentiometer 
which is accessible on the face of the unit. Four pin jacks on the face of the 
unit are provided for use with test equipment to monitor and measure the 
voltage at the voice-frequency input or output, or for connection to a 52K 
headset when an idle channel is used for a temporary talking circuit. 


The modem unit for schedule C and D program, is a single-module plug-in 
unit equipped with a 20 contact plug and card assemblies of apparatus 
components. There are five separate modem units, one for each carrier 
frequency channels 3 to 7. Each modem unit includes two complementary 
devices, a modulator circuit and associated oscillator and a demodulator 
and associated regulator. The modulator circuit receives voice-frequency 
signals from a compressor and translates them to a double sideband carrier 
frequency signal in an 8 kc band within the high-group frequency range 

180 to 220 kc. The demodulator circuit selects its specific 8 kc wide 
channel from the 12 high-group carrier channels received from the group 
receiving unit. The selected channel then passes through the regulating 
amplifier and is demodulated down to voice-frequencies for transmission 
‘to an expandor. Six pin jacks on the face of the unit are provided for use 
in measuring (1) modulator input level (voice), (2) modulator output level 
(carrier), (3) level at the output of the demodulator input band filter 
(carrier), and (4) demodulator output level (voice). 


VF Amplifier 
The VF amplifier, is a single-module plug-in unit interchangeable with a 
compandor unit as regards size, external connections and power require-. 


ments. It includes separate transmitting and receiving amplifiers. 
Potentiometers designated IN ADJ and OUT ADJ control the gain of the 
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amplifiers and are accessible in the face of the unit as are pin jacks hich: 
may be used to monitor the voice-frequency input and output of the channel 
position. This unit may be used in place of any message compandor unit 
in channel positions C to M when compandor action is not de sired. 


13:75 COMMON PLUG- -IN UNITS 
Group Units 


The transmitting and receiving group units are 2- module wide plug-in units 
which provide the amplification, frequency translation, and filtering 7 
required in connecting the channel modem units to the line. Low-group 
transmitting and receiving units include a 304 kc oscillator and modulator 
because the modem units transmit and receive high- group frequencies only, 
whereas line frequencies may be either high- group transmitting and low ~ 
group receiving or low-group transmitting and high- group receiving. 
Through the use of the Na switching set and paralleled connectors on the © 
line terminating unit, group units may be replaced on an in-service basis. 
Test points are provided on the face of each group unit to facilitate va rious” 
trouble location and performance | tests. Each group unit includes an 


internal jack for a plug-in slope equalizer which may be changed as required _ 
to match the system terminal to line arrangements or conditions when they = __ 


are changed. The face plate of each unit includes the words SLOPE NET 
with space for a pencil record of the plug-in slope equalizer used. Also, 
the setting of the small increment built-in slope adjustment for receiving 
group units may be indicated. This facilitates selection of the proper 
equalizer and setting for replacement units and units used in the switching 
set. A similar marking opposite the word USE will indicate wiring options 
for terminal or switching set use. | 


The plug-in slope equalizers are coded 364A, B, C, D, E, F. andG. They 
provide a group transmitting unit output slope of 9, 26; ~3, 0, +3, +6, 

and +9, respectively, for channel 13 carrier power with respect to channel 
2 carrier power. The 364-type equalizers are also used in the group | 
receiver units for the same amounts of slope correction. © 


The high- group transmitting unit, is designed to receive signals from the 
channel modulators at high-group frequencies, reject unwanted frequencies, 
and amplify the desired signals to a suitable level for transmission over 
the carrier line. The desired output slope is obtained by inserting the 
appropriate 364-type equalizer. A. wiring option is provided to increase the | 
midband gain approximately 6 db when the unit is used in a switching set. 


The low-group transmitting unit, is designed to receive signals from the 
channel modulators at high-group frequencies, translate them to low- “group. 
frequencies by modulation with a 304 kc carrier, and then amplify them 

to a suitable level for transmission over the carrier line. The desired 
output slope is obtained by inserting the appropriate 364-type equalizer. 

A wiring option is provided to increase the midband gain approximately 

6 db when this unit is used in a switching set. 
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The high- group receiving unit, receives the high-group frequencies from 

the carrier line, rejects unwanted frequencies, and provides proper slope 
equalization. A regulating amplifier automatically adjusts the gain to 
maintain a constant output power of combined carriers. The output of the 
unit is applied to the 12 channel receiving band filters. Coarse slope 
correction is provided by inserting the appropriate 364-type equalizer. . 
Finer slope adjustment of +1, 0, or -1 db is built into the unit and controlled 
by the operation of a switch on the face plate. Optional wiring permits 
setting the unit at fixed gain instead of regulating gain when it is used in 

the switching set and during certain unit tests. 


The low-group receiving unit, receives low-group frequencies from the 
carrier line, rejects unwanted frequencies, translates from low-group to 
high-group by modulation with a 304 kc carrier, provides slope equalization, 
and includes filtering for suppression of carrier leak and unwanted group 
sideband. A regulating amplifier automatically adjusts the gain to maintain 
a constant output power of combined carriers. The output of the unit is 
applied to the 12 channel receiving band filters. Coarse slope correction 
is provided by inserting the appropriate 364-type equalizer. Finer slope 
adjustment of -1, 0, or +1 db is built into the unit and controlled by 
operation of a switch on the face plate. Optional wiring permits setting the 
unit at fixed gain when it is used in the switching set or during certain unit 
tests. 


Alarm Unit 


The alarm unit, whichis a 2-module wide plug-in unit, performs the 
following alarm, control, and service functions: 


(a) Monitors the received carrier signal and provides an alarm indication 
in the event of carrier failure. | 


(b) Initiates and terminates automatic trunk contitioning in the event of 
system failure through alarm relay operation in association with the 
external E-type signaling unit, CGA signe Beco vend and carrier 
group alarm equipment. 


(c) Includes a delay feature which peeves alarm tierce from 
being given for very short duration carrier failures. 


(d) Monitors the output a the -21 volt power saaniy and provides an 
alarm indication of excessive voltage deviation or failure. 


(e) Provides for connection to office alarm systems through common 
bay alarm a) da on the bay coer terminating unit. 


(f) Permits office alarm cutoff while retaining the local alarm avenue 
by means of alarm release keys. 
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: {g) Provides, by means of. sae ove iid: key in conjunction with 
“ .external carrier group alarm equipment, for manual override of an 
alarm make-busy condition on selected channels, so they may be 
made good py external patching. 


(h) Provides for. reoperation of the Siieesiseme af aise veleage keys 
| are not restored when the alarm condition has been corrected. 


(2) Gisetes through ; a relay in the line terminating unit to er 
transmitted carrier for a short time during the trunk conditioning 
cycle to initiate trunk conditioning at the distant terminal. 


(3) Provides a connector through which power may be ounce to the 
- -N2 switching set for group unit or N2WM-1 unit switching and through 
which power may | be supplied to the terminal from the switching set 
during power unit: Switching. | | 


(Kk) Short-circuits the: voice-frequency output of channel position B under 

control of the CGR circuit during a part of the trunk concioning 
cycle. | : 

(1) Originates an ESS first alarm signal when carrier fails (even momen- 
tarily), power fails or an alarm unit is removed from the bay. This 
option is used when‘an N2 terminal operates into switches of a No. 1 
ESS. office, to minimize pulse signaling or switch operation. | 


Line Terminating Unit ® 


“The line terminating unit, ‘is a 2-module wide plug-in unit which connects 
| ithe : carrier frequency line pairs to the transmitting and receiving group 
mits. It includes sockets for plug-in 38-type span pads which provide. 


- ‘bétween O- and 44+ db attenuation in 2-db steps in both the transmitting 


and receiving directions. | ‘Voltage surge protection of group unit transis- 


| torized circuits is provided by varistors located in this unit. Simplexes 


for repeater power feed.and longitudinal noise suppression are provided 

‘by. a noise control transformer circuit for each carrier pair. The unit 
dneludes four switching jacks which are used in conjunction with the N2 
‘switching. set for in-seryice replacement of either group unit. These jacks 
also afford access for measurement of individual and total carrier powers. 
Ha Also included is a relay which disconnects power from the transmitting 

_ group unit, under control.of the alarm unit, during a part of the trunk | 
conditioning cycle. si : | 


| The line terminating Gait sacndes provision for feeding power over the 
high-frequency line for sealing current and/or to power adjacent repeaters. 
_ Power feed options include +130 volts for one electron tube repeater or 
7 +130, volts, +130 volts and ~48 volts or +130 volts and neSOoe for one to. 
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three transistor repeaters. Battery feed resistors are distributed between 
this unit and the bay cable terminating unit at the top of the bay in sucha 
manner that. heat gemerated in the line terminating unit due to repeater feed 
circuits may be limited to about 5 watts to avoid unnecessary heating of. 
transistor circuits in other plug-in units. The unit must be removed from 
the terminal for changes in span pads, power feed screw connections, or 
slide-wire resistor setting. Provision is made on the face of the unit for 
pencil notation of span pad values, screw connections in use, and the 
resistance setting of the slide-wire resistor. Pin jacks are provided on > 
the face of the unit for in-service measurement of line current. 


Power Supply 


The -21 volt power supply, is a dc-to-dc transistorized converter operating 
from the -48 volt supply to provide a -21 volt regulated supply for the 
transistorized terminal equipment. One such power supply is required for 
each l2-channel terminal. It is a 4-module wide plug-in unit equipped with 
a <40-contact plug to mate with a connector in the terminal mounting. The 
face of the unit includes an output fuse and a control for manual adjustment 
of the output voltage. 


13.6 N3 CARRIER 


N3 Carrier is a 24 channel, four-wire short-haul cable system. Completely 
transistorized, it is designed to meet the stringent performance require- 
ments for transmission of message, data and program over intertoll trunks. 
As a radio multiplex, up to 96 N3 Carrier channels may be accommodated 
on each micro-wave channel. 


N3 Carrier supersedes the vacuum-tube operated ON2 system. Although 
N3 operates on the same frequencies over N repeatered lines, it offers 
improved performance, reduced cost and increased operating flexibility. 
Circuit concepts, new to short-haul carrier, are employed to make possible 
a preciseness of operation usually associated with high-density long-range 
ey evenies 
Over- all quality is ensured by the use of the latest manufacturing techniques. 
Modern packaging concepts afford eomeseerente savings and anno full 
flexibility of application. | 
Channel Equipment 

a. Two 12-channel groups 

b. Common Sideband Orientation 


c. Compatible with A5 Channel Bank 


d. Double channel regulation 
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Fig. 13-6 N3 Carrier System Block Diagram 


N3. Carrier uses the basic building block of a 12-channel group. The voice — | 
signals are compressed, modulated, filtered and combined in the trans- 
mitting channel equipment. | All channels use upper sideband orientation. 
Alternate channel carrier frequencies (even harmonics) are transmitted 
at the proper level to prevent crosstalk interference with other types of 
carriers i ld in the | same nea ble 


The reverse process takes place in the receiving Hanne: equipment. The i. 
channels are filtered, demodulated and expanded in order to retrieve the __ 
voice frequency. Regulation is achieved on an adjacent channel basis, oy 
controlled by the transmitted carriers. The transmitted carriers are also_ 
used to demodulate the even numbered channels. Non-transmitted carriers 
are obtained from a common ‘Supply to demodulate the odd numbered 
channels. : | 7 


Channel Group peeioment 

a. Correction of Line Weequeney Deviation 

b. Compatible with becadioull data signal 
The 12-channel signal together with the 6 transmitted cageniene are received 
from the channel combining network and remodulated in the channel group 


equipment. The two 12-channel groups are then combined into a broad- band 
24-channel signal. _ | ’ | 
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196K) 


Fig. 13-8 N3.Channel Equipment - Receiving 
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Fig. 13-9 N3 Transmitting Terminal 
In the receiving leg, the demodulator is preceeded and followed by band 
pass filters for proper channel group selection and image rejection. A 
three-stage amplifier provides the necessary signal gain before itis 
delivered to the double-channel regulators. 
Frequency Correction Circuit 


a. Stabilizes Voice Frequency Equalization 


b. “Permits use of Centralized Carrier Supply 
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~ “HIGH GROUP ‘RCVG UNIT 


Fig. 1310 °N3 Receiving Terminal 
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Fig. 13-11 N3 Modulation Plan . 
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A frequency correction er to correct for line frequency deviations is. 
‘associated with each channel group demodulator. One of the transmitted 
carrier frequencies already affected by a line frequency shift, is selected 
‘by a-pick-off filter. The-received:carrier is amplified and modulated " 
‘with a-carrier frequency: from the local ch a 


% 


The. frequency control: modulator. output, which. retains the frequency shift 

 serror, is ‘then fed into‘the channel group demodulator. Since the demodu-— 
lating . frequency and incoming signal contain the same error, the frequency nS 
deviation: is eliminated. | . 


‘This. ‘frequency shift: correction ‘prevents he degradation of voice. cGccney, 
‘equalization, .especially in: ‘type A program transmission. It also permits 
use of the centralized carrier supply for demodulation of channels that do 
not:have transmitted carriers. Here savings are realized in terminal | 
equipment which would: be ‘required to derive missing carrier frequencies. 
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Fig. 13-12 ‘Channél'Group Modem.and Frequency Control 


13,22 


CHAPTER 13 TYPE "N' CARRIER SYSTEMS 


Group Equipment 

a. Direct connection to any N Carrier Line 

b. In-Service Switching 
N3 Carrier group equipment is similar to that used in N2. This eliminates 
the need for carrier line frequency preparation by external frequency- 
frogging repeaters at the terminal points. High-group and low-group 


transmit and receive units are available for application to any established 
N Carrier line frequency plan. 
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| Fig. 13-13 Group Pquipmeat 
Repeatered Line 
a. Any N Line may be used © 
b. Cross-talk eliminated 
c. Tandem Repeater Power Feed | 
N3 Carrier is designed to use the same eanies with Nl, N2, ON] and ON2 
Carrier. The even harmonic N3 channel carriers are applied to the line 


at the proper level to pEeciuce ae cross-talk with other vee operating 
in the same cables. | | | 
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Nl electron tube or transistor-operated repeaters or N2 repeaters, when 
available, may be used with the N3 system. Built-up distribution equip- 
ment enables the N3 terminal to furnish power to one Nl eon tube or 
3 tandem NI or N2 transistorized line repeaters. 


Common Carrier Supply 
ae Economical 
b. Stable _ 
c. Reliable 


The N3 Carrier system uses a common carrier supply rather than a 
locally generated one. The benefits thereby realized are not only economic 
but also operational. The achieved stability results in significant per- 
formance improvements in operation over N repeatered lines and makes 
possible special applications where highly accurate carrier frequencies 
are essential such as the N3 to L conversion. - 


The N3 Carrier supply is derived om an 8 ke oscillator operating into a 
binary divider for stability fora 4kc tap ofa J, K or L primary supply 
when available. The following 16 carrier frequencies are provided for 
the simultaneous operation of 26 N3 terminals: 


12 channel carriers 

2 channel group carriers 

l group carrier 

] frequency-translation carrier for N3 to L connectors 
The primary supply will drive a harmonic generator where outputs are 
selected by crystal filters, amplified, filtered again and delivered to the 
primary distribution circuits. These frequencies are then connected to 
the secondary distribution circuits located in the carrier terminal bays. 
‘Odd harmonics drive channel modulators and demodulators. Even harmonics 
supply channel modulators in addition to over-the-line frequencies used | 
for regulation and demodulation purposes at the receiving terminal. 
Carrier supply reliability is assured by duplicate power supplies, 4 kc 


supplies and carrier frequency amplifiers, all of which are arranged to 
switch automatically and give alarm indications. 
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Carrier Supply Performance Characteristics 

1. Frequency precise to T8 parts per million 

2. Adjacent carriers down 60 db 

3. Harmonics down 60 db 

4. Output levels constant to within TO. 5 db 

5. Selected carrier 5 (even naeeaeuies constant within 10.05 db 
Compatibility with A-Type Channel Bank 

a. Economical System Extension 

b. Single Step Modulation 

c. Flexibility of Application 
All N3 channels use upper sideband orientation in contrast with the upper 
and lower sideband transmission of the ON twin-channel approach. The 


common orientation of N3 sidebands improves the channel cross-talk by 
10 db.. 


236 KC 


Fig. 13-14 Frequency Compatibility of N3 and A5 


Common sideband orientation also allows the single-step modulation of | 
N3 channel group frequencies to the spectrum of the A-type channel bank 
used in K and J Carrier and L Multiplex. This compatibility makes 
possible the low-cost extension of L Multiplex along secondary routes. 
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Economies are realized iy eliminating channel equipment as sociated’ with’ 
both systems and aac them together: at group frequencies instead | | 
of voice. | | 


Equipment en caneenients for two different applteations of N3 to ‘L'connectors 
are available. The type A. junction is used. when transmission is to and 
from an'N repeatered line with the N3 terminal remote from the L Multiplex 
office. The type B junction ‘is. applied when .an N3 terminal is used at the 

L Multiplex office because’ there is an N me peerenee link. een 


NOFFICE =. OFFICE Lk OFFICE N OFFICE 


N OFFICE, 


kL OFFice 


Fig. 13-15 Type A and Type B N3-L Junctions 
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CHAPTER 14 


TYPE "'0" CARRIER SYSTEMS 


14.1 INTRODUCTION 


The O carrier systems were developed to meet the need for an economical, 
short haul, open wire carrier system. 


Studies indicate that 90% of our toll message circuits are in the ''below 150 
miles long" class. 


Tremendous expansion program, at this time, presents difficult problem 
of obtaining the large number of circuits required in this class on an 
economical basis. 


Stringing enough open wire appeared extremely difficult, The previously 
available open wire carriers are: 


M - Six channels with limitation - 30 miles or less. 
H - Single channel only. 

CG - Three channels, good for any distance, but too expensive for enor haul. 
J - Twelve channels, but too expensive for short haul. 


The Nl carrier has just been developed for use in cable circuits. Itis 
multi-channel, economical on short hauls, and compact. It appeared 
desirable to produce a new carrier for open wire employing many of the 
new developments used in the Nl system. | 


The basic requirements and desired features for the proposed system 
were established, and a new system known as '"'0'' type was developed and 
is now being furnished. 


The O type consists of four systems designated OA, OB, OC and OD. Each 
system has four channels. The OA system may be operated as either a 
3 or 4-channel system. 


The Type-O carrier system is designed to provide relatively short-haul 
carrier channels over open wire conductors on an economic basis. It 
makes use of ministurized equipment and many of the other features of the 
Type-N system including compandors, frequency -frogging and built-in 
3700-cycle signaling. 


The "'O" carrier system operates on a two wire basis over an open wire 
pair,suitably transposed for such carrier transmission. The use of type 
"O" carrier is economically feasible for distances as short as 15 or 20 
miles and can give satisfactory transrnission for distances of at least 150 
miles. The maximum distance that can be covered depends a great deal 
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upon the atmospheric conditions to be encountered. As in all open wire sys« 
tems, wet weather, snow, sleet, ice and dust storms have a great effect 
upon the transmission characteristics of the 'O"' carrier. Any system must 
be pare with this in mind. | 


"O" carrier provides a maximum of 16 voice channels ''stacked"’ from 4 sub- 
systems designated OA, OB, OC and OD. Each sub- -system Browne. 4, 7 
Snaenste in frequency ranges as follows: 


OA 2 - 36 ke 
OB 40 - 76:kc 
Oc 80-116 kc | 
OD 120 ~- 156 Ke 


OA low group § 2.3to 17.7 kc 
OA high group 20.3 to 35.7 ke 
OB low group 40.3 to 555.7 kc 
OB high group 60.3to 75.7 kc 
OC low group 80.3 to 95.7 kc 
OC high group 100.3 to 115.7 kc 
OD low group 120.3 to 135.7 ke 
OD high group 140. 3 to 155.7 kc 


Refer to meus 14-1. 


Separate frequency Sande are used for each direction of transmission. An 
Advantage of -the method employing sub- systems lies in the fact that any sub - 
system may be used without the others. This permits the use of as few 
channels as required without expensive basic equipment, It also permits 
dropping off a sub-system along the line. For example the OB system‘which 
uses the frequency band from 40 to 56 kc for transmission in one direction, 
and the band from 60 to 76 kc for transmission in the opposite direction. 

As in the N-system, terminals are arranged to transmit either the low or 
high group of frequencies, and to receive the corresponding opposites. 
Repeaters, which are spaced at intervals of 40 to 50 db, are arranged’ 
alternately for low-high or high-low transmission, Unlike the N-system, 
however, single side-band transmission is used, with the upper and lower 
side-bands of a single carrier providing two channels transmitting in the 
same direction. Thus only two carriers, spaced 8 kc apart, are required 
to obtain the 4 voice channels. Figure 14-2 indicates the frequency trans-. 
lations employed in the terminal channel and group modulators, and at the 
repeaters of the OB system. The two carriers are transmitted over the 
line, and their combined power is used for regulation of the amplifiers at 
repeater and group receiving terminals to correct for line attenuation 
variations, Regulation is accomplished by means of a type of automatic © 
volume control in which a part of the output of a line amplifier following 
the modulator is picked off and amplified in a ''control amplifier", rectified 
and fed back to the ee ofa regulating amplifier that precedes the 
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Figure 14-1 - Frequency Allocations for O Carrier Systems 
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modulator. A fice schematic of the arrangement of a repeater is Been in 
Figure 14- 3, Other units employed in the O-system are practically identical 
with their counterparts in the N-system, which have already been discussed. 
The two channels common to a single carrier are known as twin channel. 


14.2 OVERALL SYSTEM 


Each type O carrier system provides four 2-way telephone channels over an 
open-wire pair suitably arranged for such carrier transmission. The 
application of all four systems to a suitably transposed open-wire pair will 
provide sixteen 2-way channels. Photographs of an OB1 terminal and ~ 
repeaters are shown in Figs. 14-4 and 14-5. The appearance of the OCl 
and OD1 equipment is identical. The OAl is generally similar. The line 
frequencies employed by the O systems extend from 2 to 156 kilocycles, 
and are assigned as shown in Fig. 14-1. Each of the O systems uses two 
adjacent 16-kc bands, one band called the low group and used for one 
direction of transmission, and one called the ee BrOuP and used for the 
other direction of transmission. | 


Single igiaepeea hin saieo ion ‘ used, with the upper and lower sidebands 

of a single carrier providing two channels transmitted in the same direction. 
Two carriers spaced 8 kc apart are transmitted at reduced level and their 
combined power is used to control the flat gain regulation at repeaters and 
terminals, correcting for transmission changes due to weather conditions. | 


The terminals are arranged to transmit either low- or high-group fre- 

quencies. A low-group transmitting terminal (LGT) transmits the low 

group and receives the high group. Conversely, a high-group transmitting 
terminal (HGT) transmits the high group and receives the low eouee 


In the case of the OB, oc, and OD systems, frequency -frogging repeaters 
interchange and invert low- and high-group frequency bands. The repeaters 
are arranged to transmit either low- or high-frequency bands alternately. 
The low-high (L-H) repeater receives at its. input the low group of | 
frequencies which are converted to the high group before amplification. 

The high-low (H-L) repeater does the opposite. OA repeaters do not make 
use of frequency frogging; therefore each repeater consists ofa low - -group 
repeater amplifier and a high- group repeater amplifier. 


A compandor is included in each channel. Compandors greatly reduce cross- 
talk and noise and their use results in more lenient requirements for filters 
and line treatment Meare pOstHOne etc.). 


Sipnaling arrangements (out-of-band) are built into the terminals for 
transmission of ringdown and supervisory signals and dial pulses over the 
system. Other types of signaling may be employed as discussed later. 
Terminal alarm aun aneements provide an automatic disconnect and busy 
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Block Schematic of Type OB1 Repeater 
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signal on all E leads in case of system failure (failure of received 
carriers). Means are provided for making a loop transmission check of the 
system from either terminal. Restoration of the system to normal service 
may be done from either terminal or from any other point. Also fuse and 
signaling oscillator supply-failure alarms are provided. At all repeaters 
fuse-failure alarms are provided. Additional alarm features are available 
at pole-mounted repeaters. 


No order-wire facilities peculiar to the type O system are being pewter 
Existing order-wire arrangements will be employed. 


Terminals require -48 and +130 volt regulated power supplies, Repeaters 
use either a +130 volt supply aro or, where it is available, a -48 volt 
supply in addition. | 


Miniature components are used throughout, compactly assembled in 
aluminum die-cast chassis, Units so formed are plugged into jacks 
associated with the mounting, providing both flexibility and ease of 
maintenance. Changing from one type of operation to another (high-or low- 
group transmitting at terminals, OA low-group or high-group repeater 
amplifiers, or OB, OC, or OD low-high or high-low repeaters) or from 
one type O system to another (OB system to OD system, for example) is 
readily accomplished by means of plug-in filters and equipment units. 


System line “up and maintenance are facilitated by the provision of test 
points appearing on the front faces of terminal and repeater equipment 
units for use in bridging measurements, Adjustment of repeater and 
terminal group equipment is done with the units in service. Adjustment of 
the channel and twin-channel units is done on an out-of-sService basis by 
removing them from the terminal mounting and operating them in a test 
stand through a connecting test cord. The plug-in feature of the units 
facilitates maintenance and permits easy replacement of units for servicing. 
The further breakdown of the channel unit into three plug-in subassemblies 
permits ready access to the components, quick localization of trouble by 
substitution and materially reduces the requirements for spare equipment. 


The unit method of-construction has been followed in designing the equipment 
of the O carrier system, Die-cast aluminum alloy frameworks for terminal 
and repeater mountings, units and unit subassemblies are used throughout. 
The external connections of each unit terminate in a plug while engages a 
jack in the terminal or repeater mounting. This method permits the testing 
of the units without jack fields and allows the removal of any unit in trouble 
to a convenient location for maintenance and its replacement by a spare unit. 
It makes efficient use of the full depth (10 inches) of available relay rack 
space. Access for maintenance is required only on the front. Either 
terminals or repeaters can be mounted back-to-back or against a wall. All 
equipment is designed for 19-inch wide duct, channel, or bulb-angle type bays. 
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7 | 
A complete terminal, as shown in Fig. 14-4, includes four channel unite, 
two twin-channel: carrier units, a group oscillator unit, a group trans - 
mitting unit,eand:a group receiving unit plugged into jacks in the terminal 
mounting. This mounting is secured to the bay and contains jacks, terminal 
eae and interconnecting wiring, power supply fuses, and the alarm cir- 
cuits. A 4-channel terminal, exclusive of line transformer and network, 
occupies a vertical bay space of 24-1/2 inches (14, 1-3/4-inch mounting © 
plate spaces). Four complete terminals, including line transformer aod 
network panerey: can be mounted in an 11-foot, 6-inch bay. © 


The poner mounting consists of two identical die-cast aluminum shelves o. 
linked together and arranged for attachment to any standard bay which will — 
mount 19-inch panels. The upper shelf is equipped with jacks into which 

the four channel units and the group receiving unit are plugged. The lower 
shelf, which.is an inverted upper shelf, is equipped with jacks into which 

the four channel units and the group receiving unit are plugged. The lower | 
shelf, which is an inverted upper shelf, is equipped with jacks into which 

the two twin-channel carrier units, the group transmitting unit, and the | 
group oscillator unit are plugged. Also attached to the lower shelfisa | 
small plug-in panel with the power distribution equipment for one terminal. | 
The relays, keys, and lamps associated with the alarm circuits are located © 
on a removable panel between the two shelves. The channel units for | 
channels 1 and 4 are identical in every respect, and assignment of a unit to. 
one of the two channels determines the orientation of the reversible plug-in 
band filter which selects the proper channel frequency bands for the two. 
directions of transmission. The unit for channel 2 or 3 differs from the 

one for use on channel | or 4 only in the code of the reversible plug-in band 
filter employed. The two twin-channel carrier units are identical except 
for the frequency of the oscillator which supplies the transmitting twin- | 
channel carrier and the filter which picks off the proper incoming twin- | 
channel carrier. One of these units is used for channels 1 and 2 at an HGT 
terminal or for channels 3 and 4 at an LGT terminal; the other type of unit 
is used for channels 3 and 4 at an HGT or for channels 1 and 2 at an LGT 
terminal.. Thus they need only be interchanged in their positions to fit both 
types of terminals. The same channel and twin-channel units are used in 
all of the type Ol terminals. For Ol terminals which connect through an 
open-wire pair to an ONI junction, which will be discussed later in this 
chapter, twin-channel units having wider band pick-off filters are required; 
otherwise they are identical. | 


The group transmitting unit, the group oscillator unit, and the receiving 
modulator-amplifier unit (group receiving unit, less plug-in filters) are 
the same for both high-group and low-group transmitting terminals of a 
particular O system. A-double section filter and a reversible directional . 
filter are plugged into sockets on the modulator-amplifier chassis to complete | 
a group receiving unit. The code of the former filter and the orientation of 
the latter are determined by the type of terminal (LGT or HGT) in which the 
unit is to be used. The proper group carriers from the group oscillator | 
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unit are supplied in accordance with the type of terminal (HGT or LGT) by 
strapping the correct terminals on a terminal block in the group oscillator 
unit. For OAl terminals, straps on an inductor in the group transmitting 
unit and a terminal block in the group receiving unit are also changed 
according to their use in an HGT or LGT terminal. The group transmitting 
unit and the receiving amplifier-modulator unit are the same for OBI, OCI, 
and ODI terminals, different plug-in filters being required for the receiving 
amplifier-modulator unit to make the proper group receiving unit for a 
particular terminal. The group transmitting and receiving amplifier- 
modulator units for OAl terminals are different from those of the OBI, OCl, 
and ODI terminals, although their external appearances are similar. The 
group oscillator unit for each system is different in that different group 
carriers must be supplied for each type of terminal (OAI, OBI, OCI, or 
OD1); their external appearances are identical. 


Construction of the repeater equipment is similar to that of the terminal. 
The mounting, accommodates two complete repeaters, each consisting of 
three plug-in units (two one-way repeater amplifiers and an oscillator or 
dummy oscillator). As in the terminal, power fuses and fuse alarm circuits 
are furnished as part of the mounting. A 2-repeater installation, exclusive 
of line net works, occupies a vertical bay space of 14 inches (8, 1-3/4-inch 
mounting plate spaces). Twelve repeaters mount on an 11-foot, 6-inch bay. 
Four repeaters, together with an ac power supply and other auxiliary equip- 
ment, can be housed in one cabinet approximately 2 feet wide, 15 inches 
deep, and 6 feet high arranged for pole mounting. 


For the OB, OC, and OD systems, the repeater amplifier unit is identical 
to the group receiving unit used in the terminal except for the plug-in 
auxiliary band filter. The orientation of the plug-in directional filter and 
auxiliary band filter, both of which are reversible, determines whether the 
unit is an LH or an HL repeater amplifier. Different filters are used 
according to whether the unit is to be used in an OB1, OCl, or ODI repeater, 
Because the OA! repeater does not frequency frog and because of the lower 
frequencies involved, the final amplifier in the OAl repeater is different 
from that of the OAl group receiving unit. The conversion between low- 
group and high-group OAI repeater amplifier is accomplished by reversing 
the directional filter, changing the auxiliary filter, and changing the 
strapping on a terminal block. | 


14,3 OPERATION OF THE "O" CARRIER SYSTEM 


The over-all system functions as follows. The voice frequencies enter the 
channel circuits from the associated office trunk circuit. Where the office 
conditions permit, the voice frequencies pass through a resistance hybrid. 
In offices where external hybrids are used or in 4 wire switching offices, 
the resistance hybrid is ngt used. The message is then passed through a 
compressor, amplifier and 3100 cycle low pass filter. The use of the 
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compressor greatly reduces the crosstalk and noise, resulting in more 


lenient requirements for filters and line treatment. 


From the low pass 


filter, the message is passed through a modulator where it modulates a. 
184 or 192 kc carrier provided from the crystal controlled oscillator in the 
twin channel circuits. Channel circuits are the same for all of the O carrier 
types. ene use of the 184 or ae. ke carrier is | determined as follows: 


CARRIER FREQ. 
CHAN. NO. LQGT 


184 kc 
~~ 184 ke 
192 ke 

192 kc 


WON. 


—HGT 


192 ke 
192 kc 
184 kc 


184 kc 


From the modulator the signal passes through a band pass filter which | 
allows only.a single side band (frequency shown above) to go on to the 
- resistance type combining multiple and then to the group transmitting 


circuit. 


(Refer to Figure 14-6 block Schematic for OB] Carrier Terminal) 


In the group circuits, the uate band (along with the other 3 sidebands 
representing the 3 other channels of the group) is again modulated to bring. 
the band up-or down to the proper frequency for transmission on the open 
wire. The band of frequencies is then passed through a low pass filter to 
eliminate undesired signals. It is then amplified to the proper level for the 
line. After passing through a directional filter which separates the incoming 
and outgoing frequencies and eliminates the frequencies from the other | 
types of O carrier on the line, the band of frequencies is combined with 
The combined frequency bands 
then pass through the line transformer and test jacks to the office main 
frame. From here, they are carried on the entrance cable to a pole mounted 
filter where they are combined with OA carrier or voice frequencies and 
then go out over the open wire. In some instances this last filter may be 
located within the office. The filter arrangement must vary with the types | 


those of the OB, OC, or OD as required. 


of carrier (C, H etc.) which are using the ‘pair or adjacent pairs. 


196 kc 
192 ke 
188 ke - 
184 kc | 


SIDEBAND 
LGT HGT 
180 to 184 kc 192 to 
184 to 188 kc 188 to 
188 to 192 kc 184 to 
192 to 196 kc 180 to 


If repeaters. are used, the ent enients vary with the types of O carrier. 
The higher the frequency band used, the greater the line losses and the 
shorter the ie a section permissible. 


The repeater used in the OA carrier system performs three basic functions. 
It separates the two groups of frequencies used for the two directions of 
transmission on the open wire pair, amplifies the Signals and transmits 
them to the line, and automatically regulates the gain to compensate for 
changes in line loss. OB, OC and OD repeaters perform an additional 

basic function. They translate and invert the incoming group by modulation 
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to the opposite group. Thatis, they are frequency frogging repeaters. At | 
the receiving'terminal, the band of frequencies passes through the pole | | 
mounted line filter, through the entrance cable and to the office main frame. 
From here, the frequency band passes through the line transformer to the 
group receiving circuits. Here it passes through a directional filter which 
allows only those receiving frequencies desired to pass. (2 carriers & 4 
side bands) The low-level incoming line frequencies then pass through a 
band pass filter and a flat gain regulating amplifier. A double balanced 
type varistor modulator then converts the incoming frequency band from the 
line frequencies to the range of the channel band filters, 180 to 196:'kc. 

This base Pe deency. band is then passed through a band pass filter and’ 
amplified. — 


The base band less the input and modulating carrier frequencies is then 
passed to the 2 twin channel circuits. 


Each twin channel circuit is arranged to handle a carrier with its two ~ 
associated sidebands. While 2 carriers and 4 sidebands are present at the | 
input of the receiving section of the twin channel circuits, each circuit is 
arranged to pick off only the carrier frequency for the two channels 
concerned, This carrier is the product of the line frequency carrier and | 
the modulation carrier of the group circuits. This 'picked off'' frequency © 
is then amplified & rectified and utilized to regulate the amplifier gain to 
hold that particular carrier and the associated two channels constant at the 
amplifier output. The carrier and channel frequencies, at this point are. 

as follows: a | _ 


HGR | LGR 


Chan. No. — Carrier Sideband Carrier Sideband . 
1 192ke  =—«:192 to 196 ke ~=—S«d184 kc ~3——~C«SY: 8 tt 184” 
Z 192 ke — 188 to 192 ke 184 kc © 184 to 188 kc 
3 184 kc. (“184tol88ke £192 kc £188 to 192 kc 
4, 184 kc 180 to 184 kc » 192 kc 192 to B98: ke 


A hybrid in ihe output of the receiving portion of the twin channel unit then 
distributes the band of frequencies Me chans.) to each of the 2 associated 
channel units. 


In the channel circuits, a band pass filter eliminates all but the side band 
desired, This side band is then passed to a shunt type balanced varistor 
modulator. Here the message and signaling sidebands are demodulated to 
voice frequency against the carrier which has been selected by the pick off 
filter in the twin channel circuit, amplified, and fed to the demodulator over 
a pair of leads separate from those through which the side band pare 

has been fed. : 
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The voice frequencies are then fed through a 3100 cycle low pass filter, 
expandor and amplifier. From here, they pass through a variable pad to 
adjust to the office level. The voice frequencies are then passed through 

the resistance hybrid and brought out to the office distributing frame for 
cross connection to trunks. On 4 wire voice circuits, the hybrid is not used. 


The built in signaling system is essentially similar to that of the N-l system. 
(14.4 MAJOR EQUIPMENT IN THE O SYSTEM 


Two types of channel circuits are available. The more common one, known) 
simply as a channel circuit, is used except where a channel is to be 
permanently connected in tandem with another O or N carrier channel. The 
other, known as a through channel unit, is used for such a through connection. 


On the transmitting side the channel circuits modulate the four voice chan- 
nels to the 180- to 196-kc range. On the receiving side the outputs of the 
channel filters, 180 to 196 kc, are demodulated down to voice. The chan- 
nel circuits also provide compression and expansion of the voice signals 
and include the built-in signaling arrangements. The channel units are 
the same for all of the O systems. Channel units 1 to 4 are the same 
within any system except for the band filters. The latter are furnished 

as plug-in units of apparatus and only two codes are provided. Each code 
includes two filters of different frequency bands and four combinations are 
obtained by proper orientation of filters in the sockets. Two filters of 
each code are required at each Ol terminal. 


Each channel unit is composed of three subassemblies connected by plugs 
and jacks to form the complete plug-in unit. These are identified as the 
compressor (containing the voice frequency transmitting section), 

expandor -signaling (containing the voice frequency receiving section), and 
carrier frequency (containing the modulator, demodulator and channel 

band filter sections) subassemblies. The compressor-and expandor- 
signaling subassemblies are alike for all four channels of all the O systems. 


These units are very similar in function and theory of operation to the N 
carrier components discussed in the previous chapter. 


Where an O carrier channel is to be connected permanently (by cross- 
connection) in tandemwith a channel in another O system or an N system, 

a relatively simple through channel unit may be substituted for the channel 
unit previously described. This through channel unit consists of the usual 
carrier subassembly combined with a simplified through voice frequency 
subassembly in place of the compressor subassembly and expandor and 
signaling sub-assembly. The through channel unit is plugged into the 
terminal mounting in place of the normal channel unit. Each through voice 
frequency subassembly provides level adjustment and amplification on the 


14.15 


CHAPTER 14 TYPE "0" CARRIER SYSTEMS 


receiving side and impedance matching on the transmitting side. Separate 
level adjustments are provided for the message power and the 3700-cycle 
signaling power.'. By switches the unit may be conditioned for use in an | 
NorO terminal and for connection to an N or O channel ; in aoc system. 


Each twin- snadael carrier circuit ee ee four functions. On the trans-_ 
mitting side it supplies the common carrier (184 or 192 kc) to the modula- 
tors of two channels; also the same carrier is supplied to the combining 
multiple for eventual transmission over the line. On the receiving side it 
selects the complementary incoming common. carrier and amplifies it for 
supplying the associated demodulators and at the same time provides a» 
nearly constant output level of the associated sideband thus supplementing 
the regulation of the group receiving circuit. These functions are carried 
out at the channel EreauGOCISe: 180 to 196 kc. | | an 


The group receiving circuit regulates the four incoming channels asa group. 
The control circuit is flat and the total power output is about +9 dbm. 
However, one carrier and consequently its two associated channels may be 
several db lower in level than the other carrier and its two associated 
channels because of slope of the line attenuation characteristic across the — 
band. Because of changing weather conditions this difference between the 
two carriers changes. The twin-channel carrier circuits practically 
remove this. changing difference by regulating each carrier and its 
associated pair of channels to an approximately constant output. 


Reference to Fig. 14-6, the OB1 terminal block schematic, shows that the 
two twin-channel carrier circuits are identical except for the frequencies | 
of the oscillators and the frequencies of the carrier pick- off filters. To 
change a terminal from LGT to HGT it is only necessary to interchange the 
two twin-channel carrier units in the terminal mounting. The same kinds of 
twin-channel carrier units are used for all of the Ol terminals. The. 
received carriers at an Ol terminal which connects through an open -wire. 
line to an ON junction (described later in this chapter may have wider © 
frequency variations due to the possible large number of frequency frogging 
points inan ON system. For this reason, type Ol terminals which are- 
associated with an ONI yunetien use twin - penanneh units which have oes 
band pick-off filters. _ 


Two twin Anagael units are associated with one terminal. One is associated 
with channels 1 & 2, the other with channels 3 & 4. The transmitting side | 
of the twin-channel unit figure 14-7 very briefly operates as follows: = 
The carrier oscillator is a 408A pentode tube, crystal controlled. 
A potentiometer (TC) affords a means of adjustment of ins transmitted 


carrier to the nedunEee value. 


A pi jack (TC) provides a point for measurement of the carrier. 
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The receiving side figure 14-8 operates as follows: 


The receiving side of the twin channel unit consists of a variable 
gain amplifier and associated control circuit. 


The variable gain amplifier is a 407A twin triode, using impedance 
interstage coupling. | 


A potentiometer (REG) is provided for gain adjustment purposes. 
Regulation is accomplished by use of a pick-off filter to select the 
carrier complementary to the pair of channels being served by the 
twin channel unit, amplifying and rectifying this frequency and using 
the resultant DC as AVC bias to control the gain of the variable 
gain amplifier. 


This is fast acting AVC, being on the order of 100 times as fast in 
regulation as that used in the group receiving unit. 


The group transmitting circuit performs three functions. It shifts the four 
sidebands and two carriers atthe channel frequencies to the line frequencies 
to the line frequencies, amplifies them to obtain the proper line level 
(provision is made for lowering the output line level for coordination 

purposes or reduction of interaction crosstalk) and provides a noise generator, 
the output of which is introduced into the transmission path of the group 
receiving circuit for masking intelligible crosstalk. 


This unit contains a noise generator that serves to mask crosstalk, the 
transmitting group modulator and band filter and a transmitting line 
amplifier. This unit is arranged for either high group or low group 
transmission. 7 


The output of the combining multiple is applied to the group modulator, a 
schematic of which is shown in Fig. 14-9. It is the double-balanced-type 
consisting of a copper oxide varistor CR1 connected between transformer Tl 
and T2. A perfect balance is not achieved practically but the input signal 

is suppressed about 20 db and the carrier about 40 db. Transformer Tl _ 
has an impedance ratio of 135 ohms to 135 ohms-while T2 has a step-up 
ratio of 135 ohms to 3000 ohms. Transformer T2 in the OAI group trans- 
mitting unit is different from the one in the OBI], OC1, ODI unit since one 


transformer could not be used to cover the whole frequency range from 2 
to 156 kc. 
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Figure 14-9 - Group Transmitting Modulator Schematic 


The group. receiving circuit per tomie five functions. A directional filter 
separates the two directions of transmission on the line. The low-level 
incoming line frequencies are amplified. The incoming line frequencies 
are group modulated to the range of the channel band filters, 180 to 196 kc. 
In addition the flat gain supplied is automatically controlled to compensate 
for line loss, including changing weather conditions. This regulation does 
not of course compensate for line slope or change in line slope. Finally, 
provision is. made for operating an base circuit if the received carriers 
are lost. | 


This unit includes the directional filter for segregating the two frequency 
bands used for opposite directions of transmission over the line, the 
receiving group demodulator, band filters and amplifier, and the rectifier -. 
and amplifier for automatic transmission regulation of the receiving four 
channel group. The carrier alarm is also derived from this unit. The 
units used for high group and low group transmission are identical except 
for the position of the reversible plug-in filter and the code of the plug-in 
band filter associated with the demodulator. This unit when equipped with 
a different set of filters is identical with the amplifier unit in a repeater. 


In the group modulator the regulated signals are shifted from the line fre- 
quencies to: the 180- to 196-kc baseband. The modulator is the double- 
balanced-type in which both the input and modulating carrier frequencies 
are suppressed in the output. The output of the noise generator, located 

in the group transmitting circuit, is introduced into the circuit at the output — 
of the group modulator. In the OB1, OC1, OD] unit the bridging loss of the 
noise generator output impedance is one arm of a 4.3 db pad used to reduce 
the effect of the modulator impedance on the group receiving filter. 
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The amplifier circuit is a 2-stage feedback amplifier similar to the amplifier 
of the group transmitting circuit, The simplified schematic of the amplifier 
is shown in Fig, 14-10. 
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Figure 14-10 | 
Amplifier of OB1, OC1, OD1 Group Receiving Circuit or Repeater 


The control amplifier is a 408A tube employing cathode feedback, the out- 
put of which is rectified by a voltage doubler as shown in Fig. 14-ll. The 
rectifier load is resistance R37 in series with the C relay, both located in 
the terminal mounting. So long as the incoming carriers are present the 
C relay will be held operated, but failure of the carriers releases the relay 
and results in an alarm. Bias for the regulating amplifier is obtained from 
the negative end of capacitor C18 but the net bias is the difference between 
the rectifier output and the positive reference voltage obtained from the 
foltage divider R30 and R29, The input of the control amplifier (Fig. 14-11) 
is coupled to the plate circuit of the group receiving amplifier by capacitor 
Cl4. Resistor R24 prevents a sudden increase in input from causing an 
overloaded locked-up condition of the group receiving unit. 
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The output level at which the group receiving unit regulates is adjusted by 
means of potentiometer OUT. Changing this potentiometer changes the 
feedback and hence the gain of the contact amplifier, which in turn changes © 
the bias on the regulating circuit. Lower contact amplifier gain reduces. | 
this bias and raises the group receiving circuit output level. 
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Figure 14- 11 - Control Amplifier and Rectifier of Ol Group Receiving 
. Circuits and of Ot ocl, obDl Se els 


The group oscillator unit comprises three oscillators: an RC thermistor- 
controlled oscillator generating 3700 cycles per second which supplies the 
Signaling tone for the four channels, and two crystal oscillators, one of 
which supplies carrier to the modulator of-the group transmitting circuit 
and the other to the modulator of the group receiving circuit. The fre- 
quencies of the crystal oscillators are 198 and 216 kc for the OAIl group 
oscillator, 236 and 256 kc for the OB1, 276 and 296 for the OC1, and 316 © 
and 336 kc for the OD1 unit. Provision is also made for supplying direct 
current, rectified from the 3700-cycle output, to an alarm relay located ~ 
in the terminal mounting. pays of the eee -cycle output brings in an_ 
alarm. 


In order to isolate the balanced line from the unbalanced directional filter 
of the terminal equipment, a line transformer is required. In the OAl . 


terminal this transformer is mounted on the group receiving unit. In the 
OB1, OC1, and ODI terminals the line transformer is mounted on a separate 
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panel sigan with a network, or in case the terminal is connected to a carrier 
line in multiple with an OB1, OC1, or ODI repeater, is part of a 200 L 
network. Between the transformer and the line is a set of jacks, one facing 
each way, to permit access the line and equipment for patching and | 
maintenance purposes. 


The repeater used in the OA carrier system performs three basic func- 

tions. It separates the two groups of frequencies used for the two direc- 
tions of transmission on the open-wire line, amplifies the signals and | 
transmits them to the line, and automatically regulates the gain to compen-_ 
sate for changes in line loss. OB1, OCl, and ODI repeaters perform an 

additional basic function. They translate and invert the incoming group by 
modulation to the orposite group. That is, they are "frequency frogging" 


PeEDeOT StS. 


An OAL repeater consists of a mounting, two networks on a line network 
panel, and three plug-in units: two repeater amplifiers and a dummy 
oscillator unit. Except for a plug-in auxiliary filter and strapping on a 
terminal block, the two repeater amplifiers are exactly alike. The dummy 
oscillator unit is used to Som prere the tube heater supply circuit. 


An OB1, OC1, or OD1 repeater also consists of a mounting, associated net- 
works on a line network panel, and three plug-in units: two repeater 
amplifiers which are exactly alike, and a repeater oscillator. The same 
mounting is used for all the Ol repeaters, and except for the plug-in filters 
the same repeater amplifier is used for OB1, OCI, and ODI repeaters as 
well as for OB], OCl, and ODI group receiving units at terminals. A 
block schematic of an OB] repeater is shown in Fig. 14-3. Schematics of 
the OCl and ODI repeaters are identical to that of the OB] repeater except 
for the filters and frequencies involved. 


An OAL, OB1, OCl, or ODI repeater transmits the four message and 
signaling channels of the system on an equivalent 4-wire basis using two 
frequency groups, a low group and a high group for each system, for the 
two directions of transmission on the open-wire pair. The OAl repeater 
has a low-group (E-W) and a high-group (W-E) repeater amplifier, each 
transmitting in one direction, Each OB1, OC1, or ODI repeater has two 
identical repeater amplifiers, since they are frequency frogging repeaters. 
The OB1, OCl, and ODI repeater may be arranged for HL operation (high- 
low receives high-group and transmits low-group frequencies of the system) 
or LH operation (low-high receives low-group and transmits high-group 
frequencies of the system) by properly plugging the proper directional and 
auxiliary filters into the repeater amplifier unit. The basic performance 
‘of the HL and LH repeaters of the OB, OC, and OD systems is the same 
except for the frequencies being received and transmitted. The two 
arrangements (LH and HL) are used alternately along the high-frequency 
line for a particular system. — 
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The OB, OC, and OD frequencies are separated from the OA frequencies or | 
other lower frequencies on the line by a line filter. After passing through - 
the line filter, the separated OA or OB, OC, and OD frequencies are 
transmitted through the line and equipment jack circuit (not furnished at 

pole mounted repeaters) and the line network circuit. | 


The carrier. ‘frequency used at each OB], OCI, or ODI repeater for group | 
modulation is supplied by a crystal- -controlled oscillator which is required 

to be very accurate in frequency so that the carriers will be translated the 
“proper number of cycles in the process of frequency frogging. This is 
important to insure that when the carriers arrive at the terminal they will 
fall into the very narrow pass-bands of the pick-off filters of the twin- ... 
channel regulators. The carrier frequencies are 116 kc for OBI, 196 kc for . 
OCl, and 276 kc for ODI repeaters. The three oscillators are identical 
except for the crystal and two capacitors. A schematic is shown in Fig. 14-12. 


The repeater oscillator is an electron- -coupled crystal - -controlled oscillator 
similar to those in the group oscillator and twin-channel circuits. The, 
cathode, screen, and control grid of a 408A pentode operate asa triode _ 
oscillator with a tuned circuit employing a crystal as a positive reactance. : 
connected between the screen grid and control grid. Capacitor C2 in series _ 
with the crystal provides a frequency adjustment of about +20 to -12 cycles 
per second. Ordinarily this is adjusted in the factory only. Oscillations 

are coupled to the plate circuit of the pentode by the electron stream so that | 
variations in modulator load have negligible influence on the oscillating © 
circuit. The oscillations are transmitted from the plate to the modulator | 
through an impedance- “matching transformer which is tuned to improve the. 
onee waveform. | ; 


 #1B0V 


“Figure 14- 12 - OBI, OCl, ODI Repeater 
Oscillator Circuit | 
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14.5 SPECIAL FEATURES OF THE "0" CARRIER SYSTEM 
Compandors 


The O system has been planned to take full advantage of a compandor which 
is an integral part of each channel unit. This, together with frequency 
frogging, permits operation of O carrier under conditions which would 
otherwise entail substantially greater expense for mitigating the effects of 
noise and direct and interaction crosstalk. \ 


A compandored circuit includes a compressor at the transmitting terminal 
and an expandor at the receiving terminal. The compressor raises the 

weak speech levels so that they are transmitted over the line ata 
considerably high level, thus improving materially the signal-to-noise ratio, 
Since strong speech signals are already of sufficiently high level to override 
noise and crosstalk they are transmitted over the line with little or no change 
in level. At the expandor the reverse process occurs which restores ie 
speech to its original level. 


Frequency Allocations and Frequency Frogging 


The frequency allocations of the type O systems are shown in Fig. 14-1, 

Fig. 14-2 shows, for the OB system, the modulating processes and 
frequencies involved in a system with two LGT terminals and an LH repeater. 
For two HGT terminals, and an HL repeater, the same figure applies if the 
arrows showing directions of transmission are reversed. For the OC and 
OD systems, different group carriers and, as a result, different line 
frequencies, and a different repeater modulating carrier are used; 
otherwise, the same figure applies. For the OA system; since no frequency 
frogging occurs at the repeater, there is no repeater modulating carrier. — 
Two different bands of frequencies are used for transmission over the line, 
This permits transmission in both directions on a single pair of wires. 


Frequency frogging is an essential feature of the OB, OC, and OD systems. 
Without the interchange of frequency bands serious interaction crosstalk 
would be incurred. Because of the interchange of the frequency bands, 
repeater outputs at a repeater are always in one frequency group, and the 
inputs are in the other frequency group. The interaction crosstalk path 
around a single repeater is then between equal level points. As a result 
longitudinal coils and suppression filters are not generally required. In. 
order to coordinate with the type C carrier, the repeaters of the OA system 
do not provide frequency frogging. This is feasible because of lower 
crosstalk couplings at OA frequencies. Another advantage of interchanging 
the frequency bands in the OB, OC, and OD systems is that the frogging 
repeater also inverts the frequency position of the channels and inverts 
each channel as shown in Fig. 13-2. Channel 4, the highest frequency 
channel in the high group, becomes the lowest channel in the low group and 
is also inverted. Because the line attenuation characteristic has a nearly 
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constant slope, the effect of the line slope in nearly equalized in an even 
number of repeater sections, assuming equal repeater spacings, similar © 
line facilities, and similar weather conditions for adjacent sections. The 
resulting advantage from the repeater-design standpoint is thata flat gain- 
frequency characteristic is adequate without slope equalizing or slope = 
regulating networks. Further, the repeater gain needed is less so that | 
appreciably. less suppression is required in the directional filters at repeat- — : 
ers. | 


Signaling 


The signaling system built into the terminal is s arranged sO that aonnceton 
from the switchboard or trunk circuit is similar to that employed with 
present ''CX" signaling circuits, that is, use is made of standard "E'' and 
"M'' lead signals. On-hook and off-hook dc signals, received as ground 

and battery potentials respectively on the ''M" lead from the associated 
drop circuits, are transformed into corresponding interruptions of a:3700- 
cycle tone which is transmitted over the system as a sideband 3700 “cycles. 
away from the channel carrier. The on-hook or idle-circuit condition is 
indicated by ‘the presence of the 3700-cycle tone; an off-hook or busy 
condition turns the tone off. Dial pulsing consists of turning the tone on 

and off under control of the opening and closing of the dial contacts. Atthe _ 
receiving end the tone interruptions are translated back into dc pulses on 
the 'E""lead. For the on - -hook condition the E lead is open; for off-hook | 

the E lead is grounded. O carrier to O carrier connections can be made 
without use of a pulse link circuit. Similar direct connections can be made 
to N carrier, arranged for this use. A time-delay feature is-provided in. 
the 3700-cycle signal detector circuit to prevent registration of false pulses 
of short duration due to noise bursts and hits on the line.. Another feature | 
provides for disconnect of connected subscribers in the event of carrier 
failure. Where required in certain offices, circuits are automatically made 
busy by the-carrier failure alarm to eliminate futile seizure of Boreete 
circuits. 7 


Erequency eaonination 


Coordination Between Type O Systems - Separadion between OB, OC aah 

OD systems, operating on the Same pair, is provided by directional filters 
which are of the bandpass type. These filters are sufficiently selective to 
permit operation. of all of these systems simultaneously on the same pair 
without regard to the relative directions of transmission of the different 
systems. In other words, any combination of high or low group transmission 
may be employed at any terminal or repeater point. However, the direction 
of transmission of each similar type of system must, of course, be. 
coordinated in the same line section and, in general, the terminals and/or 
repeaters of similar systems at aay one Roeaton should all transmit the 


—14,26 


CHAPTER 14 TYPE "O" CARRIER SYSTEMS 


same frequency group. The directional filters for the OA system are of the 
low-pass high-pass variety which cannot be operated directly in parallel 
with the directional band-pass filters of the other O systems. Separation 
of the OA system from the other types of the O carrier systems operating 
on the same pair is therefore accomplished by a line filter. Directions of 
transmission of the OA system need not be coordinated with those of the 
other O systems. : 
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15.1 ON CABLE CARRIER SYSTEMS 


The type ON carrier system is made up principally of 01 carrier units with 
minor modifications and modified Nl carrier repeaters at each end ofa 
standard type N line. This section describes the overall system aspects, 

the new features, and the modifications incorporated in some 01 and Nl-units. 


I5.2 "ONI" CABLE CARRIER. SYSTEMS 

The type ONI system is intended primarily to transmit type O carrier 
channels over two cable pairs equipped with Nl carrier repeaters. Using 
essentially standard 01 equipment and modified Nl repeaters at the cable 
terminals, up to 20 channels with the associated ten carriers may be trans - 
mitted over one type N line facility. Furthermore, one or two 20-channel 
ONI systems can be transmitted over suitable radio facilities and either 
terminated or extended over cable or open-wire facilities. 


Because of the ease of transition between cable and open wire, and because 
this transition can be made at any point, the ON system is adapted to open- 
wire, cable, and radio-link combinations. For example: 


(1) Any number of type O channels up to 20 can be installed at one end of 
. the cable, transmitted over two pairs in the cable to a junction with one 
or more open-wire lines, and then distributed to the open-wire facilities 
in any way desired. The 20 channels might be divided among five OB 
systems on five separate open-wire pairs or connected to a family of 
OA, OB, OC, and OD systems on one pair, and a fifth system of any 
type on a second pair. 

(2) The cable can be located between two open-wire lines. It is not neces- 
sary that the cable terminate at a central office at either end. Alterna - 
tively, open-wire can occur between two cables. 

(3) The ON arrangement can be applied readily to radio systems eee 
directly or through intervening cable or open wire. 

(4) Type ON channel terminals can be installed at each end of the cable to 
obtain a maximum of 20 all-cable circuits per quad in N cables. 


Figure 15-2 shows the general layout for a typical 20-channel open-wire 
cable arrangement. A junction is made up of standard 01 group-receiving, 
group-transmitting, and oscillator units on the open wire side of the junc- 
tion. The cable side of the junction consists of standard 01 group transmitted 
units and slightly modified 01 group-receiving and repeater-oscillator units. 
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A terminal ‘is made up of standard 01 channel units and group -transmitting 
units, and slightly modified 01 group- receiving, twin-channel, and group- 
oscillator units. | | . 


The ONI repeaters located between the junction ot the terminal and the type 
N carrier ' Hine are similar to Nl repeaters. 


The all-cable ON arrangement providing up to 20 channels over two pairs or 
1 quad is shown in Figure 15-1. 


The ONI system provides up to 20 single sideband channels instead of the 24 
possible if the 12 double sideband channels in the N system were changed to 
single sideband. This reduction from the maximum number of channels per- 
mits the use of standard 01 equipment and filters with a minimum of modifi- 
cation and new codes, and retains the full flexibility of O systems on the open 
wire. Very flexible arrangements for adding or dropping groups of four _ 
channels at a cable, open wire junction are achieved through the use of the 4- 
channel groups derived from the 0l equipment as building blocks. There are 
five 4-channel groups in the ON system to make the total of 20 channels avail- 
able. Figure 15-4 illustrates the flexibility of the system. When the full 5— 
group 20-channel capacity of the ON system is not used, a level-control oscil- 
lator is provided. The output of this oscillator is adjusted to simulate the | 
power of the missing carriers to maintain the correct output level from regu- 
lating oun ae in the Nl nopeater = 


15.3 FREQUENCY ALLOCATION 


Figure 15-5 shows a comparison of the frequency allocations of the type N and 
type ON systems. The ON allocation utilizes a low-group range from 40 to 
136 kilocycles and a high-group range from 168 to 264 kc. Each frequency | 
range is divided into five groups, each group containing four single sideband 
channels and two carriers. 


The preferred order of adding ONI groups in a partially equipped ON1 system 
in group | first followed by group 2 and group 3. Group 4 and 5 may then be 
added either order. The order of groupl, 2, and 3 is determined by the allo- 
cation of the level- control carrier, | 


Figure 15-5 shows the allocation of the level-control carrier in the ON low- 
group to be 76 kc. Coordination with N and ON systems that are in the same 
cable requires that the a control carrier be located outside any channel 
in N or ON. 


Both the terminal and junction equipment transmit and receive frequencies in 

the ON low-group range. The translation from low-group to high-group allo - 

cation or from high-group to low- =BsOuP allocation is accomplished in the ONI 
repeater. 
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Figure 15-1 Typical All Cable ON Layout 
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Fig. 15-4 Circuit Layout Illustrating Flexibility of ON Carrier 


A complete ONI1 system employs a low- -group frequency band, 40 to 136 kc. 
and a high-group band, 168 to 264 kc. The low-group band consists of five 
ee O groups of four message channels each, as shown in the following 
able: 
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ONI1 Gr oup Low Group Corresponding 


No. Frequency O System Group . 
5 40 to 56kc. OB low group 
4 60 to 76kc. OB high group 
3 80 to © kc. OC low group 
2 100 to 116 kc. OC high group 
1 120 to 136 kc. OD low group 


The high-group band consists of five similar groups modulated and inverted 
into the 168 to 264 kc. frequency band. The high-group and the low-group 
bands each provide for the transmission of 20 one-way message channels 
with associated E and M lead signaling. Refer to Fig. 15-6, 15-7, 15-8. 


The ONI system is applicable to the following facilities: 


(a) N-type Cable: For N-type cable applications, the low-group band is 
transmitted in one direction and the high-group in the other. The 
system thus provides up to 20 message channels over N-type cable, 
as opposed to the 12 channels of the N carrier system. As in the type 
N system, modulating type N repeaters frequency frog between the 
low- and high-group bands. 

(b) Radio: For radio applications a high-group band may be combined with 
a low-group band to provide up to 40 message channels (two ONI systems) 
for transmission over the radio. Each ON] system is transmitted high 
group in one direction and low group in the other. Figure 15-3, © 

(c) K-type Cable: Three groups of ONI carrier in the low-group band 

. (groups 1, 2, and 3) may be transmitted over the same cable pair with 
K carrier. This arrangement, designated ON/K, provides 12 message 
channels in addition to the 12 channels of the K system. See Section 15.5. 
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CHAPTER 15 TYPE ON CARRIER 
15.4 TYPE ON2 CABLE CARRIER SYSTEM 
In order to more fully utilize the frequency carrying capabilities of the N type : 
high frequency line and of some microwave radio systems a new version of 
the ON carrier system has been developed. This new system is known as the 


ON2 and provides 24 voice-frequency channels as com panee to the 20 obtain- 
able with ON1. 


The ON2 carrier can be used for systems to be operated over all cable, all. 
radio, and cable-radio combinations. Carrier frequency junction equipment 
for cable-open wire and radio-open wire systems require development of addi- 
tional components which will not be available at this time. Therefore, the ONI 
system or ON2 and O channels operated back-to-back may be used for these 
eppucehon>: } 


Standard arrangements will Be avsilable concurrently with ‘the ON2 for 
stacking 4 of these systems so that up to 96 voice-frequency channels can 
be multiplexed on a single radio path. 


The 24 channels of the ON2 system will be arranged at the terminal in the 
frequency band from 36 to 132 kc. (see Figure 15-9). For transmission on 
the line 36 to 132 kc. will be used as the low band and will be modulated 
with a 304 kc. oscillator to produce 172 to 268 kc. which will be the high 
band. The resultant carriers will be the same as those of channels 2 to 13 
of the Nl carrier system. 


Like the ON1, the ON2 is basically an arrangement of stacked.O carrier ter- 
minals which are combined for transmission over an Nl carrier line. The 
ONZ uses a stack of 6 of these 4 channel terminals in order to obtain a total 
of 24 channels (see Figure 15-9). As indicated in Figure 15-9 the only differ - 
ence in the 4 channel terminals used for ON2 as compared to ONI are in the 
group oscillator and the group receiver. Also the combining network of the 
ONZ2 terminal has been redesigned to provide for 6 groups. 


No changes are to be made in the line arrangements for ON2 carrier systems. 
This includes the ON repeaters at the terminals as well as the N carrier high 
frequency line. 


The ONZ is an all cable carrier system and basic unit of the 96 channel mul- 
tiplex. The cable-open wire junction for the ON2 requires further study. In 
the meantime, the ONI or back-to-back terminals can be used for such appli- 
cations and for use where it is necessary to drop and reinsert four-channel 
groups at an intermediate point on an ON system. 


‘In general, ONZ2 systems are engineered in the same manner as ONI systems. 


However, since the frequencies of the carriers in the ONZ2 are the same as 
those of the channel 2-13 Nl system, the Nl deviation regulator can be used. 


1539 


CHAPTER 15 TYPE ON CARRIER 


180—196KC 36-132 


(172-266KC) | 


ee 132. 


M\ 
To TABLE 
———> 


172-268 KC 
(36-132 ke) 


' i 
‘ f 
" J 
| ve Ly. 


te CHANGED RELATIVE To ON! TERMINAL 
&t ADDED FOR ON?2. TERMINAL 


Figure 15-9 Block Diagram of 24 Channel ON2 Terminal 
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to supplement the normal built-in regulation of the longer ON2 systems. 
Since the regulator requires the presence of twelve carriers in order to func-* 
tion properly, the systems with which it is used should be fully equipped. 


The ON2 arrangement employs a maximum of 12 carrier frequencies which 
are the same as the carriers of channels 2 to 13 of the Nl system. There- — 
fore, ona fully equipped system will be the same. For partially equipped 
ONZ2 the 76 kc. level control oscillator (LCO) will be used to replace the 
power represented by the missing carriers and thereby enable the amplifiers 
to regulate at the proper level. The LCO falls between channels 2 and 3 of 
group 4; and due to the limited selectivity of the channel filters, it will inter- 
fere with the signaling of these channels. Therefore, group 4 is the last to 
be equipped. 


The noise and crosstalk aspects of. the ONZ2 system are the same as for the 
ONI for all practical purposes. No difficulty is expected when ONZ systems 
are See in the same cable with ONI1 or NI systems. 


15.5 TYPE ON/K CABLE CARRIER SYSTEM 


On a type K carrier route one of the two cables provided is usually larger than 
the other and the non K pairs in the larger cables are used for shorter voice 
or carrier circuits. However, there are some layouts where two cables of 
approximately equal size were installed with only a relatively few pairs for 
short haul circuit development. The ON/K system has been designed to pro- 
vide relief for short haul facilities on such routes to defer the large expense 
of establishing a new route. 


The ON/K system makes it possible to use the 12 channels of the type ONI1 low- 
group (16 channels of the ON2 when it becomes available) which are in the fre- 
quency range above that of the type K system, and like the K, it transfers 
from one sheath to the other at each repeater. However, it is separated from 
the K at terminals and repeaters by line filters and uses its own amplifiers. 

A block dfagram of the arrangement is shown in Fig. 15-10. 


The ON/K line arrangements make available line frequencies from 68 to 136 kc, 
The 12 channel ON1/K will use line frequencies from 80-136 kc. When the ON2 
becomes available more efficient use will be made of the available frequency 
space and 16 channels will operate in the 68-132 kc. line frequency range. 


As indicated on Figure 15-10, the ON/K terminal initially consists of ON1 
Groups l, 2 and 3, a combining network, new transmitting and receiving 
amplifiers, and line filters. Conversion of the ON1/K systems to ON2/K 
systems will involve providing one additional four channel group, replacing 
the plug-in group oscillators and group receiving filters of the existing equip- 
ment, and the addition a a ra0D= up iver 
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The Gighese ON/K carrier line frequency employed is 136 kc. The attenuation , 
of 19 ga quadded cable at 136 kc. and at 55° Fahrenheit is about 5.5 db per 
mile. Therefore, gain of approximately 99 db is required to overcome the > 
line loss in an 18 mile repeater section at the mean temperature. Roughly | 
half of this gain is eas by the Paneer sa and half ey the = 
receiving amplifier. | 


At repeater points in the ON/K system line fitene: a aac ns te amaplines, 
line building-out, and a transmitting Retest are Eeautece for pow direc- 
tions of transmission. | 


At -K eepeatee or (omntael points where the ON/K leaves the K line and is _ 
extended to a distant terminal as a partial ON system over an N carrier line, 
the ON/K amplifier arrangements are similar to those used at a terminal 
(see Figure 15-11). This arrangement.is called an ON/K junction circuit. _ 
For extension over cable facilities the signal at the output of the ON/K junc- 
tion is applied to an ON/K t to ONI1 connection circuit anda standard ON : 


a repeater. 


- Regulation ; is adequate an the satisfactory operation of ON/K systems in 
buried cable for lengths up to 200 miles. The range of cable temperature 
for aerial construction is generally considered 2.5 times that for buried 
cables. Thus, for combined buried and aerial cable systems, the 200 mile 
regulation length would apply to the sum of the actual buried cable miles and 
2.5 times the aerial cable miles. Where distances greater than 200 miles 
are to be spanned, it will be necessary to consider in each specific case the 
exposure to noise, the lengths of individual repeater sections and the regula- 
tion characteristics of the equipment. No need for deviation regulators is 
expected for systems of nominal length, therefore there are no prone to 
develop one for ON/K systems. | 


In general the K system will be of greater length than the ON/K system, and 
arrangements to join and leave the K pairs will be required. In order to sim- 
_ plify the layout and reduce interference to the K line, they should only be 
applied at K repeater stations. Arrangements are available to extend the 
systems at carrier frequencies over other RECS of facilities waeaeue returning 
to voice frequencies. | ; 


As a result of the low levels and high gains employed in the ON/K system 
considerable care is necessary to keep the noise within bounds. Careful 
design of the terminals and repeaters has resulted in minimizing the noise 
contributed by the equipment so that the controlling noise is expected to be 
picked up in the cable and the office layouts. However, due to the high gains, 
the amount of noise contributed by the equipment in the ON/K system is | 
higher than in other carrier systems and will restrict the amount of improve- 
ment a by line treatment. , 


The existing crosstalk balancing on the K cables is less effective in the ON/K 
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than in the K frequency range but the compandors in the ON terminals will © 
prevent this component of crosstalk from becoming objectionable. Interaction 
at the repeaters appears to be the controlling crosstalk source. However, the’ 
grounding of the shields of the wiring to the K equipment, and replacement of 
suppression coils to reduce the noise as discussed above will have a beneficial 
effect on crosstalk as well and no further crosstalk suppression measures 
appear to be necessary. 


15.6 "ON'' MODULATION PLAN 


The type ON carrier modulation plan, shown in Fig. 15-12, is designed to place 
five different 4-channel groups, each corresponding to a type O group or system, 
in a frequency band capable of being transmitted over a type N line. The plan 

is based on the use of the basic 4-channel band of 180 to 196 kc. provided by 

the type O equipment. Each basic 4-channel group is modulated to an allocated 
ON low-group position by use of a group modulator and associated oscillator 
frequency, according to Fig. 15-12. The full ON complement of five groups 
covers the frequency range from 40 to 136 kc. When the system layout requires 
that transmission to the first repeater section be in the low-group band in order 
to coordinate with type N systems, or for other reasons, the band of frequencies 
from 40 to 136 kc. is applied to the line by the ON] repéater without further 
modulation. When transmission in the high group is required, the ONI repeater 
applies a further step of modulation with a carrier frequency of 304 kc. so that 
the ON low group is converted to the ON high group. Modulation in the repeaters 
along the type N line frequency-frogs these bands of frequencies back and forth 
between low group and high group in a manner identical to the type N plan. The 
ON modulation plan is a 2-step process when applied at the junction of open wire 
and cable. 4-channel groups are received on the open-wire line side of the 
junction of type O line frequencies. Each is then modulated to the basic 4- 
channel band of 180 to 196 kc. This band of frequencies is referred to as the 
base band. The second step modulates each group to its ON low-group alloca- 
tion. Because the base band is common to each of the OA, OB, OC, and OD 
systems, it follows that the five groups of ON may be connected to any combina- 
tion of O systems, 


The ON modulation plan, as described above, applies to the transmitting direc - 
tion and represents the modulation steps applied in going from the base band of 
the ON1 junction or terminal to the frequencies applied to the pair in the cable. 
In the receiving direction, the process is reversed. Frequencies are received 
from the N line in the high- or low-group band opposite in frequency to that 
transmitted from the same junction or terminal. When the frequencies arriving 
on the receiving cable pair are in the ON low-group band, the ONI repeater 
supplies amplification without modulation. Selection and modulation in 4- 
channel groups is then carried out by the junction or terminal by properly 
allocated filters and group-oscillator frequencies. 


When the received signals are ig the ON high-group band, the ON] repeater 


supplies a step of modulation to convert these to the low-graup band for proper 
selection in 4-channel groups. 
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16.1 PULSE CODE MODULATION 


In amplitude or frequency modulation the amplitude or frequency of a sinu- 
soidal carrier is continuously varied in accordance with the modulating 
function. In contrast with this, pulse code modulation uses a series of. 
pulses instead of a sinusoidal carrier to carry the information contained in 
the modulating function. Transmission by pulse code modulation involves 
sampling, quantization, coding, time division multiplex transmis sion, 
recognition, regeneration, and, ultimately, decoding. 


16.2 SAMPLING 


A transmitted '"'message''is usually thought of as a voltage which varies 
continuously with time. This is the modulating function. In AM or FM 
systems the carrier is varied continuously in accordance with their modu- 
lating function. In pulse modulation the continuous transmission of 
information about the modulating function is unnecessary. 


In a practical transmission system the message or modulating function is 
limited to a finite frequency band. In order to transmit a band-limited | 
message of a specific duration, it is not necessary to send the continuous 
function of time. The application of the following sampling principle 
reduces the problem of transmitting a continuously varying message to one 
of transmitting a finite number of amplitude values (samples): 


Sampling Principle 


If a message that is a magnitude-time function is sampled instantaneously 
at regular intervals and at a rate which is twice the highest significant 
message frequency, then the samples contain all the information of the 
original message, — 


Therefore, for voice frequencies, where the highest significant frequency 
is approximately 4, 000 Cps, a sampling rate of 8, 000 times a second 
would be ecg neues 


The process of sampling is illustrated in Figure 16-1. The function f(0) 


illustrated in Figure l(a) is assumed to contain no frequencies above f,, 
Figure l(b) shows a sampling function f7(t). The sampling frequency is 
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éf.. The result of sampling is shown in Figure l(c). This function, f3(t), 
is defined analytically as the product £1(t) fo(t) and is a form of pulse 
amplitude modulation (PAM). Note that this is not instantaneous sampling, 
since the f(t) pulses have duration. Instantaneous sampling can, of course, 


never be realized 3 in a physical system. 
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Figure 16-1 
16.3 RECONSTRUCTION 


Let us now proceed to the receiving end of the system. The PAM signal, 
f3(t), may be transmitted to the receiver in any form which is convenient 
or desirable from the transmission standpoint. At the receiver the in- 
coming. signal is then operated on to recreate the original PAM sample 
values so that they appear in their original time sequence at a rate of 2f, 
pulses per second. -To reconstruct the message it is merely necessary to 
generate from each sample a proportional impulse, and to pass this. 
regularly spaced series of impulses through an ideal low-pass filter of. 
cutoff frequency f,. Except for an over-all time delay and possibly a 
constant of proportionality, the output of this filter will then be la | 
to the original message. 


Ideally, a perfect reproduction of a message can be achieved if information 


were transmitted giving the instantaneous amplitude of the message at. 
intervals Space 1/2 f, apart in time. For example, if a sampling rate of 
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8,000 times per second and a pulse of one microsecond duration were 
assumed, the message in the transmission facility would be represented 
as a series of one-microsecond pulses occurring at intervals of 125 
microseconds (1/8, 000). 


16.4 QUANTIZATION 


It is, of course, impossible to transmit the exact amplitude of a modulating 
function. In conventional AM or FM, or ina system using pulse height or 
position to carry information, some error will always occur. Noise, 
distortion, and crosstalk will affect the modulated wave so that the recovered 
message will not exactly duplicate the information in the original message, 

In the systems noted - AM, FM, or PAM - the error increases as we go 
through successive repeater sections, since additional noise is added to the 
signal as it passes through each repeater section. 


This situation is analagous to the accumulation of small errors in a long 
series of slide-rule operations. It suggests the weakness of an analog 
method of transmission in which the transmitted signal can assume a 
continuum of values. But suppose we consider instead a digital system. 
Instead of attempting the impossible task of transmitting the exact value of 
a sample, let us limit ourselves to certain discrete amplitudes of sample 
size. Then, when the message is sampled, the amplitude nearest the true 
amplitude is sent. When this is received and amplified, it will have an 
amplitude a little different from any of the specified discrete steps, because 
of the disturbances encountered in transmission. But if the noise and 
distortion are not too great, we can tell accurately which discrete amplitude 
the signal was supposed to have. Then the signal can be reformed, ora 
_new signal created, which again has the amplitude originally sent. 


Representing the message by allowing only certain discrete amplitudes is 
called quantizing. It inherently introduces an initial error in the amplitude 
of the samples, giving rise to quantization noise. But once the message 
information is in a quantized state, it can be relayed for any distance 
without further loss in quality, provided only that the added noise in the 
Signal received at each repeater is not too great to prevent correct recog- 
nition of the particular amplitude each given signal is intended to represent. 
By quantizing we limit our "'alphabet'. If the received signal lies between 
aandb, andis closer (say) to b, we guess that b was sent. If the noise 

is small enough, we shall always be right. 


16.5 CODING 
A quantized sample could be sent as a single pulse which would have certain 
possible discrete amplitudes, or certain discrete positions with respect to 


a reference position. However, if many allowed sample amplitudes are 
required, one hundred, for example, it would be difficult to make circuits 
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to distinguish these, one from another. On the other hand, it is very easy 
to make a circuit which will tell whether or not a pulse is present. Sup- 
pose, then, that several pulses are used as a code group to describe the 
amplitude of a single sample. Each pulse can be on (1) or off (0). If 
there are three pulses, for instance, a code can be devised to represent _ 
the amplitudes shown in Table I. | 


TABLE I 
Amplitude 
Represented Code 
0 000 
] 001 
2 010 
3 601i 
4. 100 
5 101 
6 110 
7 111 


These codes are, in fact, just the numbers (amplitudes) at the left written 
in binary notation. In this notation, the place values are l, 2, 4, 8, -3.- 
i.€., a unit in the right-hand column represents 1, a unit in the middle 
(second) column represents 2, a unit in the left (third) column represents 
4, etc. In general, a code group of non-off pulses can be used to repre= 
sent 22 amplitudes. For example, 7 pulses yield 128 sample levels. 
Figure 16-2 illustrates the coding of a PAM signal into seven digit code. © 


It is possible, of course, to code the amplitude in terms of a number of 
pulses which have allowed amplitudes of 0, 1, 2 (base 3 or ternary code), 
or 0, 1, 2, 3 (base 4 or quaternary code), etc., instead of the pulses with © 
allowed amplitudes 0, 1 (base 2 or binary code). If ten levels were allowed | 
for each pulse, then each pulse in a code group would be simply a digit 

or an ordinary decimal number expressing the amplitude of the sample. 
If n is the number of pulses and b is the base, the number of quantizing 
levels the code can express is b™", However, binary code (0,1) seems to 
offer the most advantages. | 7 
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Binary Pulse Coding 
Figure 16-2 
16.6 DECODING 


To decode a code group of the type just described, a pulse must be 
generated which is the linear sum of all the pulses in the group, each 
multiplied by its place value (1, b, b*, b2,.. -) in the code. This can 
be done in a number of ways. For example, we might mention what is 
perhaps the simplest way which has been used. This involves sending 
the code group with "units" pulse first, and the pulse with the highest 
place value last. The pulses are then stored as charge on a capacitor- 
resistor combination with a time constant (T 2 RC) such that the charge 
decreases by the factor 1/b between pulses. After the last pulse, the 
charge (voltage) is sampled. Such a method, while feasible, has the 
disadvantage that the most significant digit is in its fastest decay period 
when used, leading to large errors. 


16.7 TIME DIVISION MULTIPLEX 


There is an optimum rate for the transmission of short pulses through 
a band-limited medium. For a low-pass characteristic which transmits 
up to some frequency f; cps, 2f] pulses per second can be sent. Thus a 
750 kc channel could carry 1.5 million pulses per second. Consider the 
transmission of 4 kc telephone messages by 8 digit binary PCM overa 
channel which has a bandwidth of 750 kc/s. 
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It was previously seen that our sampling rate should be 8, 000 times per 
second or one sample per 125 microseconds. Each sample will result in 
- one code character consisting of eight code elements (1's or 0's). If we 
can send 1.5 million pulses per second, eight pulses can be sent in 5.33. 
- microseconds. If only the information pertaining to one message is sent, 
the pulse pattern vs time would consist of an 8-pulse character, taking 

~ 5.33 microseconds, then idle time for about 120 microseconds, followed — 
by another 5.33 microseconds of use, and so on. Obviously, the channel 
is not used very efficiently. On the other hand, if code characters from 
other channels are sent during the idle time, not one, but about 24 tele-_ 
phone messages could be transmitted over our 750 kc channel. Inter- 
leaving signals on a time basis in this way is called Time Division. 
Multiplex. | Se 


An illustration of a time division multiplex PCM system is shown in 
Figure 16-3, Although a four channel system was chosen for convenience, 
_ the concepts associated with this system pertain equally well to a system 
. involving any number of channels. Figure 16-3(a) shows four messages 
in the form of time-varying voltages which are to be transmitted over a 
common channel, Each message is band-limited to 4 kc by a low-pass 
filter in the message path. The problem is to sample each message, 
interleave the resulting PAM signals, and, finally, encode the PAM 
Signals into binary PCM. For purposes of graphically illustrating the 
principle, the sampling mechanism is shown as a switch rotating at the 
required 8, 000 cycles per second sampling rate. Such a switch combines 
the functions of sampling and interleaving. Figure 16-3(b) illustrates the 
interleaved PAM samples so obtained at the sampling circuit output. 
These samples are fed into an appropriate encoder circuit which produces . 
a seven-digit PCM encoding of the incoming PAM signals. The encoder 


ee output is shown in Figure 16-3(b). At the receiving end the inverse 
functions of decoding and sample separation are performed, as illustrated 


- by Figure 16- 3(a). 


= Some aeerul terms can be defined from Figure ee 3. The sampling 
interval, T, shown for message channel 2, is the time between successive 

samples of the message voltage ina channel. A frame represents the 

_ output obtained from one complete cycle of the sampling circuit. The 

frame interval is equal in duration to the sampling interval and is the 

time required to obtain one complete frame. The frame rate is the 

reciprocal of the frame interval and is equal to the rate at which the frames 

are generated, which, of course, equals the sampling rate. Thus, for the 

system illustrated, the frame rate is 8,000 frames per second, and the 

frame interval (or. sampling interval) equals 125 microseconds. The time 


. interval for each code character (representing a sample from each message 


channel) must be equal to or less than one-fourth of the frame pono if. 


_. four message channels are to be accommodated, 
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Time. division implies switching at p recisely fixed times in order to. - 
separate the messages at the receiver. Therefore, additional time, with- 
in the frame antervay, is usually allocated to some sort of timing or gating | 
| aienet i : | 


Me the number of message channels is increased the time interval that 
can be allotted to each must be reduced since all of them must be fitted 
into the frame interval. The allowed duration of a coded pulse train 


-. representing an individual sample must be shortened and the. individual. 


pulses moved closer together as the number of time division channels in 
a frame is increased. This means that frequency limitations of the 

_ transmission,medium inevitably restrict the number of message channéls 
-. which can be included ina frame. 


In general terms: if f, cycles per second is the highest frequency in our 
message, andn the number of code elements per code character, then we 
require approximately nf, cycles per second of bandwidth per message, 
plus an allowance for gating time. This is n times the bandwidth required 
for direct transmission or for single sideband. AM. In terms of the pre- 
ceding discussion, using n=8, and 24 channels was found to be consistent 

_ with a 750 kc bandwidth. This is about eight times the 96 kc bandwidth 
required for the single sideband AM transmission of 24 channels. 


16.8 INTRODUCTION TO Tl CARRIER 


A T1 Carrier System provides low-cost facilities for conveying the trans - 

mission and signaling information for 24 exchange trunks over a two-way 
carrier line. The multiplexing is done by time division methods in Dl 

_ Channel Banks shown in Figure 16-4. These terminals, designed for 
Central ECS use, deliver puree code modulation (PCM) signals to the 

line. 


The Tl carrier system will be supiieable to oe haul oe The 
principal market includes direct interoffice trunks, tandem trunks, toll 
connecting trunks, PBX trunks, PBX tie lines, and foreign exchange lines. — 
Type Tl carrier will probably be used primarily in the larger metropolitan 
- areas on trunk routes of large cross-section and relatively high owe 
rates. 


The system must be closely tailored to the requirements japeeea by its 
application.if the cost objective is to be met. This has led to the provision 
of several plug-in equipment options, each designed for a specific appli- 
cation, rather than the provision of a universal facility that is capable of 
pengrne many different situations with the same equipment. 
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16.9 TERMINAL 


In the type Tl carrier system, 24 voice channels are combined into a 
single pulse amplitude modulated wave by time division multiplexing. 

The sample rate for each telephone channel is 8, 000 samples per second. 
The pulse amplitude modulated signal is compressed and encoded into a 
pulse code modulation signal for transmission over the line. A 7-digit 
code is used to represent each PAM sample. At the distant terminal, 

the received: ‘pulse train is decoded, expanded, amplified, and distributed 
to 24 low-pass filters. The low-pass filters extract the envelope of the 
received PAM pulses, which is a very close approximation to the original 
signal. The block diagram for the Terminal is shown in Fig. 16-5. 


Built-in signaling arrangements for loop dial pulsing, revertive pulsing, 
and E&M lead signaling will be provided. The built-in loop dial pulse 
signaling arrangement may be used for supervision on multifrequency 
pulsing trunks. An additional digit will be added to the 7-digit code 
representing each PAM sample to carry signaling information. This 
increases the number of digits per sample to eight and provides a 2-state 
signaling channel which is adequate for dial pulse and E&M lead signaling. 
For revertive pulse signaling a 3-state signaling channel is required, The 
additional state will be obtained by removing control of the least signifi- 
cant digit (seventh digit in code representing the PAM sample) from the 
encoder while dialing is in process and using this pulse for signaling - 
information. When the called party answers, returned answer supervision 
restores encoder control of the seventh digit. This arrangement slightly 
impairs (provides only 6-digit PCM quality) calls to lines that do not 
return answer supervision, suchas calls to information operators, tele- 
phone business offices, repair desks, etc. 


In a time division system, synchronization of the terminals at the two 
ends is essential. Synchronization includes both timing and framing. 
Timing is marking the individual pulse positions or times when a decision 
must be made as to whether or not a pulse is present. Framing is 
uniquely marking a particular pulse position so that the individual channel 
pulse positions are identifiable. 


The transmitting section of the Tl terminal will obtain its timing infor- 
mation froma 1.,544-mc crystal oscillator. This 1.544-mc wave will be 
transmitted as an integral part of the pulse train and extracted at each 
repeater along the line and at the receiving terminal, as discussed in 
16.10, Repeater Operation. 


Framing is accomplished by inserting a framing pulse position after each 
group of 24 coded samples. i.e., In addition to the 24 eight-pulse "words" 
in each frame, there is also a framing pulse making a total of 193 pulse- 
times per frame on 1, 544,000 per second. A pulse is inserted in the 
framing pulse position on every other frame; on the alternate frames © 
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Figure 16-5 - Dl Bank Group Circuits Of Terminal 
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the pulse position is left blank. This gives the framing pulse a unique | 
behavior that is not duplicated by any other pulse position on a steady state 7 


_ basis. When.the system is out of frame, as indicated by a-number of - 


departures from the normal framing pulse pattern, it hunts through the | 
pulse positions looking for one with the desired behavior. After the framing © 
pulse position has been found, the systems locks on. | mS 


An alarm indicating the absence of synchronism between the terminals for 

a period of more than about 3 seconds will be provided. This alarm monitors 
the over-all performance of the system and indicates most catastrophic 
failures in the common equipment and the repeatered line. It provides an 
indication of system performance similar to the received carrier failure 
alarm in type N carrier. This alarm checks most of the digital control 
circuitry. It does not check the performance of the compressor, encoder, 
decoder, expandor, or enya channel equipment. 


No equipment will be provided in the Tl carrier terminal for ensuring 
disconnect of existing calls or preventing attempts to originate new calls 
over the system during an alarm condition. However, the alarm circuit 
in the terminal may be used with the carrier group alarm circuit 
(J98613AH, SD-98084-01) now in development for type Nl carrier. Pro-_ 
vision of the group alarm circuit will be an operating company option. It 
provides for disconnecting calls in process and prevents the Ori ginalton of 
new calls over the carrier system. 


16.10 REPEATERED LINES 


The Tl carrier system will be designed to work on existing types of 19- | 
and 22-gauge paper - or pulp-insulated, staggered twist, paired exchange. 
cables. Short sections of 24- and 26-gauge cables may be used if the 
repeater spacings are reduced appropriately. The system will operate 
over these types of facilities for distances up to at least 25 miles. Two | 
cable pairs are repaired, one for each direction of transmission. Initially, 
the system will be restricted to underground cables. It is expected, . 
however, that added features for aerial cable may be made available. 


The signal to be transmitted over the repeatered line consists of a train 

of pulses, The information in the signal is contained in whether or not a_ 
pulse is present in a particular pulse position. To reduce the effect of 
intersystem crosstalk, the particular pulse train selected for the Tl 

system uses bipolar pulses. Successive pulses, regardless of the number _ 
of intervening spaces, are of opposite polarity. However, the significance — 
of a pulse in any particular pulse position is independent of its polarity. 
Therefore, it is possible to convert from a unipolar pulse train (all pulses 
of the same polarity) to a bipolar pulse train (successive pulses of opposite 
polarity) by inverting every other pulse and to return to a unipolar puree 
train by full wave rectification. : 
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Since the information is contained in the presence or absence of a pulse in 
a particular pulse position, the signal is capable of regeneration. 
Regeneration consists of deciding whether or not a.pulse is being received 
in a particular pulse position and, if one is, of sending out a completely 
new pulse. Deciding whether or not a pulse is being received entails two 
things: knowing when to make the decision, i.e., timing; and determining 
whether or not the received voltage exceeds a predetermined threshold, 
All of the repeaters in the Tl system are of the regenerative type. 


Timing is accomplished by rectifying the incoming bipolar pulse train to 
obtain a unipolar pulse train with 1.544 x 10” pulse positions per second. 
This unipolar pulse train has a strong single-frequency component at 

1,544 mc, which is at exactly the same frequency as the crystal oscillator 
in the transmitting terminal. This sine wave is used to mark the individual 
pulse positions. 


The pulses are regenerated by blocking oscillators (separate blocking 
oscillators for the positive and negative pulses of the bipolar pulse train), 
The threshold level is established in these blocking oscillators. Both a 
received pulse above the threshold and a timing pulse from the timing 
circuit are required to trigger the blocking oscillator. 


The nominal repeater spacing in the Tl Carrier System is 6000 feet using 
22 gauge cable. It is expected that up to 25 PCM systems (each system 
accommodates 24 voice channels) can be operated with both directions of 
transmission in the same cable sheath by segregating the two directions 
of transmission to separate and preferably non-adjacent units within the 
cable. Where more than 25 systems are to be accommodated, the two 
directions of transmission must be placed in separate cable sheaths. One 
cable operation for installations involving fewer than 25 systems and two 
cable operation for large numbers of system are the two modes of trans- 
mission considered. 


Repeaters will be plugged into 466A Apparatus Cases for manhole instal- 
lations. A laboratory model of the apparatus case is shown in Fig. 16-5. 
The upper picture shows the cover in place, while the lower photograph 
shows the cover removed. The repeater retainer is hinged to facilitate 
removing the cover and for easier access to the wiring. This case will 
accommodate 25 repeaters, 


Each repeater includes two regenerators using a common power supply. 

For one-cable service a 201A regenerative repeater serves the two 
directions of transmission of a single system. For two-cable service 

a 201B repeater serves one direction of transmission for two separate 
systems. The 466A Apparatus Case is spliced into a cable such that when 

it is equipped with 201A repeaters one-cable operation is obtained. Two- | 
cable operation is obtained if it is equipped with 201B repeaters. Alabor-~ | 
atory model of the repeater is shown in Figure 16-7. | 
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The nominal 6000 foot repeater spacing corresponds to an H loading section. © 
Any load coils as well as any bridged taps must be removed from the pairs 7 
to permit PCM transmission. After an Apparatus Case has been installed 
and the load coils have been removed from the line, plug-in load coils 
(180A1 -Coil Cases) may be inserted in the Apparatus Case in lieu of 201 

type regenerative repeaters, In this manner, pairs not required immedi- 
ately for Tl use may still be operated for voice use. | 


While the nominal repeater spacing is 6000 feet, variations are to be ex- 
pected. In particular, it is necessary to locate repeaters adjacent to 

central offices nominally 3000 feet from the office in order to mitigate. > 
the effects of impulse noise. A series of buildout networks for the repeaters 
is provided to build out a given line to the equivalent of 6000 + 250 feet of — 
22. gauge cable. These buildout networks which are inserted in repeaters 
are coded 826A to 863M. | a 


Manhole repeaters and office repeaters in two cable systems are to be 
powered over the cable. A constant current is fed over the phantom of the . 
E-W and W-E circuits, and the voltage at each repeater is obtained across © 
a series of voltage regulator diodes. The repeater is designed to operate 
at about 10.5 volts anda line current of about 140 ma. The +130V, -130V, © 
and -48V office batteries are used as power sources. (Refer to Section 
14.53). The repeaters are designed to permit either a through power 
connection or a loop power connection. Thus battery can be supplied at 
either or both ends of a repeatered line. It is expected that 18 repeaters 
can be powered by using both +130V and -130V at each end of a line. | 


Complements of cable pairs between appropriate main frames will be | | 
assigned to the Tl carrier and spliced into repeater cabinets. A particular 
system may be made up of repeatered lines from a number of different 
complements. For ease in line-up and maintenance and flexibility in 
assignment of repeatered lines to systems, the repeatered lines between 
two main frames will be administered as a block. Since repeaters will 
generally be located in the building whenever the cable pairs terminate on © 
the main frame, all of the repeatered lines along a particular route go from 
one office repeater location to another. The block of repeatered lines 
between two office repeater bay locations is known as a repeatered line 
span (see Figure 16-8). A standard level point (the level of a repeater 
output) is established at the office repeater panels at the ends of the span. 
All of the repeatered lines in a span are similar and may be used inter- 
changeably. Terminals will be connected to repeatered lines at the office 
repeater locations. : . : a / 3? 
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Experimental Model of 466A Apparatus 
Case Installed in a Manhole 


Experimental Model of 466A Apparatus 
Case With Cover Removed. Retainer 
shown moved forward on its hinge. 
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16.11 EQUIPMENT ARRANGEMENTS 


In order to achieve the economies of "office enemeevingt,2 as much of eye ot 
terminal equipment as practical will be constructed as plug-in packages or 
as easily demountable units which mount in a bay framework. The office — 
engineering concept entails installing more basic bays and their associated 
office cabling than are needed immediately, rather than providing frequent _ 
additions. Making less frequent large installations reduces the number of | 
times that the office records must be changed and makes more efficient _ 
use of installers. Plug-in equipment lends itself readily to office engi- — 
neering, because the basic bays and cabling can be installed in advance © 
and the costly plug-in units added as needed by operating company 
personnel, 


For further economy in installation, the bay framework will be shop-wired.. 
The shop- wired bay will be equipped with the shelves and sockets for the > 

plug-in packages and all of the intrabay wiring. All field connections to ~ 
the terminal bay to be made during installation will be made at a terminal | 
block located at the top of the bay. 


The initial design of the shop-wired terminal bay shown in Figure 16-4 
mountings for three system terminals (72 channel terminals) and their : 
associated power supplies, It will be 11 feet 6 inches high and nominally oe. 
23 inche’s wide. Additional bay arrangements, such as a shorter bay for. 
use in buildings that will not accommodate 11 foot 6 inch bays, will 7 
probably be required eventually. However, they are not being provided in — 
the initial design. : , 
A system terminal will consist of 24 channel units and 29 common equip- © 
ment units, The channel units contain the signaling converters and either 
per channel amplification or a 4~wire terminating set as required. Five “ 
types of channel units will be provides initially. They are: 


1, Channel unit with 4-wire terminating set accepting outgoing 
dial pulse signaling. | 


2. Channel unit with 4-wire terminating set providing incoming 
oe pulse signaling. 


cr Channel unit with 4-wire terminating set accepting outgoing 
revertive pulse signaling. : 


4. Channel unit with 4-wire terminating set providing incoming _ 
revertive pulse signaling. : 


5. Channel unit with E&M lead signaling. 
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Those. channel units with built-in 4-wire terminating sets are being 
designed to provide a switch-to-switch net loss of 2.04 0.5 db. The loss 
between the 2-wire input to the 4~wire terminating set and the 2-wire 
output of the terminating set at the distant terminal will be about 0.5 db. 
The office loss between the switches and the input to the 4-wire terminating 
set will be built out to 0.75 + 0.25 db at each end. This will be accomplished 
by adding 0.5 db of loss whenever the office loss is less than 0.5 db. 
Provision for adding this 0.5 db of loss is being incorporated in the intra- 
bay wiring of the Tl terminal. These padding arrangements have been 
chosen to give an economical balance among minimizing clipping of loud 
talkers, minimizing noise in the absence of signal, and maintaining low 

net loss. 


A 2-db pad will also be included in these channel units which may be 
inserted in the receiving 4-wire branch on an optional basis. This pad 
may be used to increase a 2 + 0.5 db net-loss trunk to 4 + 0.5 db net-loss.. 
These arrangements are shown in Figure 16-9. 


The channel unit with E&M lead signaling will not include a 4-wire 
terminating set. It will terminate 4-wire at 600 ohms with standard VF 
patching levels (-16 db transmitting and +7 db receiving). Voice frequency 
amplification within the channel unit will be required to produce these 
levels. 


Circuit opening test jacks will be included in all channel units. They will 
be located in the 4-wire circuit, and all of the active elements in a voice 
channel will be included between the input and output jacks, except for the 
voice frequency amplification in the channel unit with E&M lead signaling. 
The jacks will be at -9.5 db transmitting and +3.0 db receiving system 
level points and will have an papsaeacs of 2,500 ohms unbalanced. 


Additional channel units may be developed at a later date as demand 
develops. 


The common equipment includes the compressor, encoder, decoder, 
expandor, common amplifier, and the digital control circuits, The 
sampling and demultiplex gates with their associated filters are also 
considered part of the common equipment, because it is desirable to 
concentrate these circuits into a few packages located physically close 

to the remainder of the common equipment in order to reduce lead length. 
Therefore, the common equipment along provides 24 complete 4-wire 

voice channels. The channel units serve only as the matching units between 
these channels and the external trunk circuitry. , 


The common equipment is divided into a number of packages for ease in 
manufacture and maintenance, 
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The terminals will be powered from the -48 volt office battery as described 
in Section 16.12. The power dissipation in a fully equipped terminal bay 
will be approximately 650 watts. The different voltages required by the 

' terminal equipment will be obtained with dc-to-dc converters located near 
the top of the shop-wired bay. 


The dc-to-dc converters and associated regulators will be arranged for 
additional to the bay by local telephone company personnel, after the basic 
bay has been installed. 


16.12 REPEATERS 


Initially a repeater cabinet will be provided that is capable of holding 25 
repeaters, a fault locating filter and order wire terminals. This cabinet 
is shown in Figure 16-6. 


The cabinets are made of hot-dip galvanized steel to provide adequate 
service life in manhole environments. They are supplied with a 22-gauge 
PVC insulated lead sheathed cable stub for splicing into the main cable. 


With few exceptions the cables that will be utilized for Tl carrier systems 
will be pressurized; therefore, the cabinet is provided with the necessary 
gas plugs, valves, and bypasses to keep it under pressure when closed, 
and to release the pressure without losing cable pressure when it is to 

be opened. : 7 


Connections to a repeater are made by female connectors on the repeater 
and male plugs in the cabinet. These plugs are mounted on a false bottom 
with the cable conductors fanned out to them in the chamber beneath. To 
permit repair of this wiring or the plugs without removing all repeaters, 
the bottom of the cabinet is removable. 


The order wire terminals are accessible without opening the repeater 
cabinet. An order wire will be provided for communication between re- 
peater locations or between any repeater location within a span and the 
two buildings at the ends of the span. This order wire will be voice- 
frequency loaded and all the repeater cabinets in a span will be bridged 
onto the same order wire pair. | 


The repeaters in each cabinet will be connected to the fault locating filter 
which, in turn, will be bridged to a fault locating pair in the cable. On 
fault locating pair will be required for each 25 systems along a route, 

The fault locating system will be used to determine repeater. cabinets con- 
nna a defective repeater by tests made at the ends of the repeatered 
ine, | 


As discussed previously, there will be repeaters located in central office 
buildings at the two terminal offices and at appropriate intermediate central 
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offices. These repeaters will mount in central office pepeatee assemblies. 
Two equipment assemblies will be provided: © | 


1, Span terminating assembly. 
2. System terminating assembly. 


The span terminating assembly shown in Figure1l6-l0terminates span lines 
entering the building from other offices. It mounts on a 23-inch bay, is 
10-1/2 inches high, and provides power feed, tests jacks, and incoming 
repeaters for 12 span lines. Cross-connect facilities are providedas | 
part of the unit so that span lines may be interconnected as desired. 
These span terminating assemblies will be connected to the horizontal on 
the main frame by individually shielded pairs or by lead sheath cables. with 
separate sheaths for repeater inputs and outputs. Shielded jumpers will 
be required on the main frame. oe 


A system terminating assembly shown in Figure 16-11 is used only when 
terminals are located in the same building. The terminals will be | 
connected to the system terminating assembly by individually shielded 
pairs. It mounts on a 23-inch bay, is 5-1/4 inches high, and provides 
test jacks and equalizers for 12 system terminals (four terminal bays)... 


The line repeaters are powered over the pairs used for pulse transmission. 
They are powered ina series string with the power being applied at the 
span terminating office repeater assembly. The primary source of power 
for the repeatered lines will be the appropriate combination of -48 volts 
only, +130 volts only, +130 volts and -48 volts, or +130 volts and -130 _ 
volts. A particular span may be powered from both ends. Positive 48 
volts, -42 volts, +24 volts and -24 volts are obtained from 48-volts central 
office battery using ac to dc transistor converters and series transistor 
regulators, The preferred combinations of battery voltages for 22-gauge > 
cable are given in Table 2. The span lengths for the same voltages will 
be somewhat longer for 19-gauge cable. | 


BATTERY VOLTAGES PREFERRED 


Span Length Office A | Office B 

miles | SS volts 

Oto2 . | - 48 | no power = TABLE 2 
2to4 — | ~48 © ~ 48 | 
4to6 +130 no power 

6to8 | +130 and - 48 © no power 

8to 10 . +130 and - 48 | - 48 
10 to 13 | +130 and - 48 +130 
13 to 15°. +130 and - 48 +130 and - 48 
15to 17 +130 and -130 - $130 
17to19 = —s« 4130 and -130 4130 and - 48 


19to22 = +130 and -130 +130 and -130. 
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Span Terminating Assembly for Tl Carrier Trial 
(front view) 
Figure 16-10 
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Bank Terminating Assembly for Tl Carrier Trial 
Figure 16-11 
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CHAPTER 17 


MICROWAVE RADIO SYSTEMS - GENERAL 


17.1 GENERAL MICROWAVE RADIO CONCEPTS AND TERMINOLOGY 


Introduction | 

The first commercial use of radio’ was made by the Bell System in July 
1920 when a radiotelephone link was placed in service between Catalina 
Island and the mainland of California. Since that time, the use of radio 
has grown to include many types of services of which the following are 
illustrative: 


Qe 


Ce 


Overseas service which provides a communications link with the 
communications systems of most of the countries of the world. 


Ship-to-shore service which provides a communications link with 
trans-oceanic liners and cruise ships at sea. 


Coastal harbor service which permits communication with nearby 
vessels in coastal and inland waterways. 


Domestic point-to-point service sometimes used for bridging diffi- | 
cult geographic situations, such as the Tangier-Smith Island circuits 
in Chesapeake Bay. | 


Portable emergency service which can be quickly set up to ‘replace, 
ona temporary basis, wire circuits which have been interrupted by 
the elements. | | 


- Mobile services which permit interconnection with normal telephone 
_ facilities from vehicles such as automobiles or trains. 


Rural radio service which is used to provide a communication link 
into small communities or widely separated customer locations | 
where wire plant may be impractical or uneconomical. 


- Short haul toll services such as "pick-up" or "side leg" television © 


links using broadband microwave Squapetcate 


Long haul toll services swek as the coast-to-coast microwave radio 
relay system used for both telephone and television services. 
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: The tact that widiv: waves. ae not require a SEgeteaL transmission pati 
such as the cable or é6pen wire usdd for lower frequency alternating: cur- 


rents, has brought about their usé in the Bell System for the many serv-= 


ices as: indicated above: | “While early radio transmission utilized carrier 
frequencies in the order” of. 60,000 cycles per second (60 kilocycles per 
second or 60 kc), advances in equipment and techniques have now made 
pos’ sible operation with frequencies as. high as thousands of megacycles. 
(1 mepgacycle equals one million cyélés). It is this region of thousands . 
of megacycles that has been défined as "microwave" and is now expressed ca. 
as kmc (tk for thousands and "mc"! for megacycles).. Microwave am ek eS 
quencies currently used for communications purposes are in the range’ 
having a wave length of three to seven or eight centimeters. 7 


The reasons for the Evend: i eraag the use of higher frequencies are mani- 


folds There area number? of propagation factors, which will be discussed = 


later, that favor the usé: ‘of microwaves. . The rapid adoption of radio . 
communication by other 8: than the Bell System has resulted in a highly - 
competitive demand for channel space in the lower frequency spectrum. 

In order that each type of-sérvice, such as conitnon carrier, military, 
etc., may have its fair sia re of the. radio spectrum, the individual fre- 
quency allotment must, of necessity, be limited. This has forced a con- 
tinual emigration to’ higher and higher frequencies in order to achieve the > 
fecessary number of comimunication channels with adequate bandwidth. 

The bandwidth required for a given communication channel is proportional 
to the rate at which a given portion of intelligence is to be transmitted. 

As a result, intelligence transmitted at a slow rate, suchas hand telegraph | 
signals, may require a facility to transmit a group of frequencies of 50 or 
100 cycles; whereas television, which must convey an entire scene almost 
instantaneously, will require a bandwidth of several megacycles. It can, 
_ therefore, be seen that the number of communication channels which can 
be provided in a given potion of radio ewe is. governed by the type 

7 “of intelligesice which must be transmitted. | | 


% Some idea: of the use of the: tadis spectrum by the Bell okies over the last oo 
40 years can be gained frém an examination of Table 17-1. The first. 
column indicates some of the desirablé characteristics of a communication 

chantiel, whilé the second'column indicates the way in which a radio cir- 


uit, should meet those requirements in order to approach wire line perfor-_ “y 


mancé. The first characteristic, "directivity, '' relates essentially to the 
| requirement for secrecy of. communication; the second characteristic, | 
Moise," is: related to intelligibility; ‘transmission disturbances, "are 
obviously related to reliability; while, "frequency space available, re- 


lates to the number of communication channels possible for any given band-— a 


width requir ement. 
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17.2 RADIO TRANSMISSION CHARACTERISTICS ABOVE 30 MEGACYCLES 


General 7 
In the early 1940's, frequencies in the 30 to 40 megacycle band were used 

for short haul communication services, such as local or state police and 
forestry circuits. The television and FM broadcasting industry were 
proposing the use of somewhat higher frequencies, while research organ- 
izations were studying the transmission properties of radio waves at 
frequencies in the thousand or more megacycle range. During World War 

II both the military and the civil need for more short distance radio 

channels caused great strides to be made in the application of frequencies 

up to 300 megacycles. Wartime development of techniques and equipment 

for radar use resulted in the utilization of frequencies in the ranges of 

4,000 to 10,000 megacycles. Sufficient information was obtained relative 

to the propagation of frequencies in this region so that consideration was 
ultimately given to the use of the microwave frequencies for communica- 

tion uses. The initial Bell System application of microwave for communi- 
cation purposes was.in the 4,000 megacycle range. Some of the transmission 
characteristics of radio waves in the spectrum above 30 megacycles can be 
compared by reference to Figure 17-1, which attempts to give a brief pic- 
torial presentation. The pictorial presentation is amplified to some extent 
under the Notes in the right hand column. 


Ionospheric (Sky) Reflection | _ | 
As the frequency of transmission is increased, reflection of the so-called 
sky wave by the ionosphere is either of such an angle that it misses the 
earth's surface or disappears entirely, as illustrated in Part A of Figure 
17rl. Thus, at the higher frequencies transmission is limited to the 
direct or. ground wave of propagation. As indicated in Figure 17-1, little 
interference between systems operating at the same frequency, hundreds 
of miles apart, should be expected from ionospheric reflection of the sky 
wave for frequencies above about 100 megacycles. This characteristic 
recommends the use of the higher frequencies (above 100 megacycles) for 
short haul service, since the same frequency spectrum allotment may be 
used at several different geographic locations. 7 


Shadowing by Earth's Curvature and Other Obstacles 


As indicated in Figure 17-1, the earth, due to its curvature, will inter-_ 
cept the direct wave of radio transmission at a distance from the trans- 
mitter. This distance is a function of the actual curvature of the earth, | 
the surface configuration at that point and the antenna height. This point’ 
of intersection can be described as the radio horizon. With an increase of 
frequency, less and less signal energy will be received. With currently 
used transmitter powers, essentially no signal is received beyond the 
horizon, except in certain extreme cases of propagation which will be 
mentioned later. It will be noted that the shadowing effect of the earth's 
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Transatlantic | Ship-Shore | Transoceanic | ‘Television a | Over- 
; nadio-Telepkonel Experiments | Sexvice Virginia Capes |. Radio Relay Thee 
|| Demonstration Broadcasting| — | Multiplex | ee: 2 Horizon > 


‘Ideal Require- — 
|] ments for Wire = | 


15-2.5 


- Meters | 
2,000-12,00 


‘Low - - Mostly Originates in. 
- Receiver Components and 
oe Controlled by Design 


a Man-Made 
Interference 


Severe Static | High Static | 
Variable -—S_ | Variable © 


| Interference 
Severe 


| Rapid 


Table 17-1 _The Trend of Radio Performance Characteristics — 
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AT THE HIGHER FREQUENCIES, THERE 
ARE BELIEVED TO BE NO REFLECTIONS FROM 
THE LONOSPHERE - A REGION EXTENDING 
APPROXIMATELY FROM 50 70400 Kl. ABOVE 
THE EARTH'S SURFACE. : 
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UNDER USUAL WEATHER CONDITIONS, 
THE BULGE OF THE EARTH "S SURFACE 
CASTS RADIO “SHADOWS "’ WHICH DEEPEN 
AS THE FREQUENCY 1S (NCREASED; AND 
RECEPTION AT PUNTS BELOW LINE - OF- 
SIGHT BECOMES FROGRES SIVELY MORE 
DIFFICULT. 
AT TIMES, TAE EARTH'S ATMOSPHERE 
MAY BEND THE RADIO WAVES 14 SUCH A 
MANNER THAT THEY FOLLOW APPROMMATELY 
THE EARTHS CURVATURE /!! WHAT KAY 

BE HhLLE0 “OUCTS” 3; AND, EVEN AT THE 
HIGHEST FREQUENCIES, RECEPTION 1S 
POSSIBLE AT POINTS BELOW LINE -OF - SIGHT. 


AT OTHER TIMES, THE EARTH'S ATMOS- 
PHERE MAY BEND THE RADIO WAVES /N 
SUCH 4 MANNER THAT, EVENAT POINTS 
ABIVE LINE -OF - SIGHT, RECEPTION BECOMES | 
PROGRESSIVELY MORE OIFFICULT AS THE 
FREQUENCY /S INCREASED. 


SHADOWING BY EARTH 


USUAL WEATHER CONDITIONS 
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FAVORABLE WEATHER CONDITIONS 
AMOMALOUS PROPAGATION - DUCTS 


UNFAVORABLE WEATHER CONDITIOWS 
ATIAOSPHERIC REFRACTION 


SHADOWING BY 
OBSTACLES 


HILLS ANO BUILDINGS CAST RADIO “SHADOIS” 
WHICH DEEPEN AS THE FREQUENCY IS INCREASED. 


LOCAL REFLECTION 


REFLECTION FROM 
NEARBY OBJECTS 


THE REFLECTED SIGNAL FROM SMALL, 
SMOOTH OBJECTS BECOMES STRONGER 
AS THE FREQUENCY /S INCREASED. 


MULTIPLE REFLECTIONS FROM BUILDINGS 
ALONG A CITY STREET CREATE RANDOM 
INTERFERENCE PATTERNS THAT CAUSE 
FLUTTERING RECEP7/ON INA CAR. 


FLUTTER 


MAN-MADE RADIO FREQUENCY NOISE 
(ENGINE IGNITION, DIATHERMY MACHINES, ETC.) 
DECREASES EVENTUALLY IN THE UPPER 
FREQUENCY RANGES WHILE RAD/O SET 

NOISE (THERMAL) INCREASES SOMEWHAT. 
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NOISE LIMITATIONS 


THE STRENGTH OF THE RECEIVED FIELD 
AT FIRST INCREASES WITH ANTENNA HEIGHT, 
ON OPTICAL PATHS, DIRECT AND EARTH- 
REFLECTED WAVES COMBINE TO FORM AN 
INTERFERENCE FATTERN; BUT, AT THE 
HIGHEST FREQUENCIES, SCATTERING 
REPLACES EARTH REFLECTION. 


ODENSE FOLIAGE IN THE TRANSMITTING 
PATH ABSORBS HORE AND MORE OF THE 
RADIO WAVES AS THE FREQUENCY 45 
INCREASED ; AND, /N THE HIGHEST 
FREQUENCY RANGE, ABSORPTION ANDO 
SCATTERING BECOME COMPLETE. 
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Fig. 17-1 Radio Transmission Effects With Relation to Frequency 
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surface at the horizon is similar to the effect produced with light waves, 
and in general it is found that microwaves behave in essentially the same 
manner as light waves. As a result, itis possible to estimate microwave _ 
transmission Tanees optically, on the basis of line of. Behe | | 


As with light, the shadow effect upon microwaves is not eomplere: and 7 
experiments in long range transmission are now being conducted to deter- 
mine the feasibility of "over the horizon" transmission by using trans- 
mitters with very high output. A small amount of random energy will 
permeate the shadow region. By using very sensitive receivers, itis 


anticipated that communication can be established at distances well beyond > 


the horizon. Since the received energy will be of a highly scattered char- 
acter, it is not anticipated that fading and other impairments to be dis-_ 

' cussed in the following paragraphs will be detrimental to over-the-horizon 
transmission. At the time of writing, data is not available as tothe 
effectiveness of this type of operation. | 


At the lower frequencies, such as the range between 30 and 300 megacycles, 
shadowing due to the earth's curvature is not so serious a problem, and FM 
broadcasts have been regularly received over distances of 200 miles or: 
“more using a 50 kilowatt transmitter operating on a frequency of 45 mega- 7 
cycles. 


Under certain weather conditions the line of sight range may be modified 
by bending of the radio wave path. Sometimes the bending may be in such 
a direction as to cause the radio waves to leave the earth's surface, while 
at other times it may be in such a direction as to cause the radio waves to 
more nearly follow the earth's surface. While not too well understood, | 
this phenomena is comparable to the bending of light waves. This can be 
illustrated by the effect that is sometimes noticed when a stick is placed — 
partially in water and appears to be bent at the surface of the water. This 
bending effect is most noticeable at the super high frequencies. | 


We have discussed the shadowing effect resulting from the earth's curva- 
ture and have established a radio wave horizon. It should be pointed out, 
however, that other objects, particularly in the migrowave region, may © 
also produce the shadow effect. A mountain, large buildings or even a 
mass of trees inserted in a microwave path may result in a major reduc- 
tion in received signal due to this effect which is pictorially illustrated in 
Part C of Figure 17-1. The pictorial representation indicates why the 
lower frequencies, such as in the 40 megacycle region, are preferable for 
mobile use, since it is not possible to continually operate a vehicle ina 
location where hills or buildings will not at some time intercept the path 
from the vehicle to the base station. The pictorial representation also 
indicates one of the reasons why microwave stations are generally located 
on high points in order to have a clear line of sight path to the next station. 
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Reflections 

We know that light waves are not only intercepted by intervening objects to 
produce shadows, but also reflected. In the same fashion, we find that 
radio waves may also be reflected by objects in or near the transmission 
path. Asa result, the transmitted signal may reach a receiver over one 
or more paths, which will require different amounts of transmission time 
due to their length, and have different attenuation characteristics. De- 
pending upon the relative signal strength and time ofarrival, these multiple 
path signals may either add or cancel to produce a stronger or weaker sig- 
nal than that which might have been obtained over the direct path along. By 
examining the pictorial presentation in Part D of Figure 17-1, it can be 
seen that as either the transmitter or receiver location is moved the direct 
and reflected path lengths will be changed. Asa result the transmitter and 
receiver locations may be selected to take advantage of the effective gain 
resulting from the addition of the signals over the multiple paths. In the 
ase of mobile reception, it is obviously impossible to confine the vehicle 
to a specific geographic location, and asa result it may pass through 
alternate areas of strong and weak signal caused by the addition or can- 
eetiation resulting from multiple path reception. This results in a very 
noticeable flutter in the output of the receiver that can become very ob- 
jectionable, depending upon the local terrain and the speed of the vehicle. 
As the frequency is increased, this flutter effect may result in the loss of 
entire syllables of speech or may result ina form of objectionable noise, 
interspersed with the speech. In open country where clear line of sight 
paths may be obtained, the effect is less objectionable. 


ee 


Noise Considerations | 

At the low frequencies in the order of 30 megacycles or so, atmospheric 
noise may become very objectionable and, at times, may make a radio 
circuit unintelligible. This is the familiar static type of noise often heard 
with broadcast radio during severe electrical disturbances, suchas 
thunder storms. As the frequency of transmission is increased above 30 
megacycles, the atmospheric noise effect diminishes, since there are few 
noise components in this frequency region. However, man-made noises 
may still be very objectionable. The making or breaking of electrical 
circuits by devices such as heater thermostats or thermostats associated 
with home aquariums or similar devices generaliy produce a spark. This 
type of spark, as wellas the spark plug discharge in the ignition systems 
of gasoline engines, contains frequencies over a very wide range of the 
radio frequency spectrum. These frequencies are readily radiated over 
portions of the wiring associated with the device, causing radio interfer- 
ence. The radiated energy from frequency components of this type dimin- 
ishes very rapidly above 300 megacycles and is essentially negligible 
above 1 kmc. It would thus appear that interference from noise would be a 
minor consideration when operating at the higher microwave frequencies. 
Unfortunately, this is not the case. Above 1 kmc we find that noise gene- 
rated in the receiver circuit elements becomes of major importance and 
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it is this noise which effectively establishes the length of the transmission 
path, since the path must be short enough to provide a received signal that 
will override the inherent receiver noise. We find at microwave frequen- 
cies that minute variations in plate current of vacuum tubes, called shot” 
effect, and noise due to thermal agitation of the electrons in wiring and 
resistors and similar types of noise originating in the grid circuits of _ 
vacuum tubes occurs at frequencies comparable to the received signal. 
This type of circuit noise originating in the front end (or low level portions) | 
of radio receivers will be amplified by the same amount as the incoming ° 
signal and will appear in the receiver as background noise of a hissing or 
rushing character. This type of noise can only be corrected by improved 
circuit design, refinements. in the technique of vacuum tube manufacture or 
by some other method which will maintain a high signal level with respect 
to the noise level. This relationship is often referred to as the signal to : 
noise ratio. | aa 


Effect of Antenna Height « : | 
By bearing in mind that microwaves behave in essentially the same manner 
as light waves, it can be seen from an examination of Parts B and C of 
_ Figure 17-1 that increasing the height of the antenna at the receiver or | 
transmitter will increase the range of transmission. However, this in- 
crease in range is limited by the economics of providing the supporting 
structure for the antennas: Shadowing by the earth's curvature or by 
intervening obstacles is not the only factor, however, in considering the . 
height. of an antenna above. ground. By referring to the pictorial presenta- | 
tion in Part F of Figure 17=I, it will be noted that below 10 kmc the re- 
ceived signal intensity varies. in a regular manner with antenna height. 
This pattern is produced by reflection of the radio waves from the earth's 
surface in the same manner as previously discussed for intervening objects. 
Asi the antenna is raised or lowered at either the transmitting or receiving 
end, the energy reflected from the earth's surface will combine with the | 
energy along the direct transmission path in such a. manner as to increase 
or diminish the effect of the received signal. In some types of terrain, 
this addition or cancellation due to reflection from the earth's surface be- 
comes a serious problem. -In some types of level terrain, such as desert. 
areas, the reflective plane of the earth's surface may vary during certain 
periods of the day resulting,. at. times, in almost complete cancellation of 
the. received signal or what is known as a deep fade. To counteract this 
effect, antenna heights are frequently staggered with one antenna on a very 
high tower and the next antenna on a low platform close to the earth's sur- 
face. With the highly directive antenna systems used, it is possible to 
avoid the reception of the reflected wave and thus reduce the cancelling 
effect and so minimize ‘the fading condition. 
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Antenna Directivity 


Ifa small flashlight bulb could be constructed without a page and energized 
by very thin wires from a remote power source, it would radiate light in 
all directions. Ifa small square of cardboard were placed a few feet away 
from this bulb, it would be illuminated by a portion of the light produced by 
the bulb. However, it is apparent that only a small amount of the light 
generated would fall on this particular piece of cardboard. A simple radio 
antenna likewise radiates radio waves in all directions and consequently a 
receiving antenna at some distance can intercept only a small percentage ' 
of the total amount of energy radiated. If now an optical reflector, suchas 
that used in a flashlight or searchlight, is placed in back of the special — 
»ulb mentioned above, much of the stray light can be redirected by means 
of this reflector and the illumination received by the small piece of card-.— 
board will have been materially increased. In the same way, reflecting 
devices may be associated with a radio antenna so that the energy can be 
transmitted in a direction where it may be intercepted by the receiving 
antenna. Again referring to the special lamp bulb, it is possible to place 
an Optical lens in such a position that much of the light radiated in the 
general direction of the piece of cardboard can be collected and focussed to 
fall upon the piece of cardboard. Thus by means of properly designed re- 
flector and lens combinations, almost the entire light output of the bulb 
can be concentrated on the small area of cardboard and it will be much 
more brightly illuminated than when it received only its small proportion 
of the light that was radiated in all directions. In the same fashion, it is 
possible to produce electrical lenses which will function in much the same 
manner to collect and concentrate the radio waves and direct them toward 
the receiving antenna. By redirecting and concentrating the radiation from 
an antenna to concentrate it on a receiving antenna, an increase in signal 
level can be obtained equivalent to an increase in transmitter power of 
several million times, had a non-directional antenna been used. This in- 
crease in received level resulting from the directing of the antenna radia- 
tion is referred to as antenna gain and is the ratio of energy actually 
received to that which would have been received from a non-directional 
antenna at the same location. It should be noted that antenna gain does not 
Signify an increase in energy but rather a better utilization of the available 
energy. In addition to the better utilization of the available transmitter 
power output, directive antenna arrays also provide a greater degree of 
privacy and reduce the probability of interference to receivers other than 
the one toward which the transmission was directed. 


Peo” yoy Ge CLASSIFICATION OF oe FREQUENCY SPECTRUM 
In the early days of radio when transmission was by means of daraeed wave 
trains, such as produced by spark gaps, the operating frequency was deter- 


mined pretty much by equipment limitations. With the advent of high 
frequency rotary generators and the later development of the vacuum tube, 


17.9 


CHAPTER 17. MICROWAVE RADIO SYSTEMS - GENERAL 


it became possible to operate radio stations ona sini specified frequency. 
This meant that a greater number of stations could operate simultaneously 
without interference to each other. During this period, operation was con- 
fined to frequencies with wave lengths over 200 meters: With refinements — 
in the manufacture of vacuum’ tubes, it ultimately became possible to oper- 
ate radio systems at frequencies having wave lengths considerably less _ 
than 200 meters. To differentiate between this type of operation and the 
rotary generator operation, the terminology of "long wave'' and "short 
wave'' radio arose. As expansion of the radio spectrum continued and fre- 
quencies of operation became higher and higher with the corresponding 
shorter and shorter wave lengths, the term short wave became meaningless. 
To clarify the situation somewhat, the Federal Communications Commis-~ 
sion divided the radio spectrum into groups and assigned classifications. to _ 
these groups which could be used to quickly identify the particular portion 
of the spectrum in which activity was being proposed. The spectrum Crees t- 
fication which has been standardized by the F.C.C. is as follows: 


Frequency (mc) < | ‘Description | Abbreviation 
0.01 to 0.03 | Very low frequency | VLF 
0.03 to 0.3 - Low frequency | | LF 
0.3 to 3.0. Medium frequency _ | MF 
3.0to30 High frequency HE. 

30 to 300° | ‘Very high frequency VHE 
300 to 3,000 Ultra high frequency e UHF 
3,000 to 30,000 ~~ Super high frequency SHF 
30; 000 to 300, 000 Extremely high frequency EHF 


It will be apparent from an examination of the above tabulation that the fre- 
quéncies commonly referred to as long wave correspond fairly closely with | 
the LF designation, while the frequencies normally referred to as short. 
wave correspond rather closely with the HF designation. 


17.4 GENERAL RADIO RELAY CONSIDERATIONS 


From about 1920 until the early 1940's, considerable research work had 
béen done toward the development of vacuum tubes and equipment compo- > 
nents that might be used at the microwave frequencies; but a practical 
application of these components had not been made in the Bell System 
communications network. During World War II, impetus was given to manu- 
facturing techniques directed toward this type of equipment in order to | 
develop more effective radar’ systems. By the end of World War II, suffi- 
cient proficiency had been gained in the manufacture of highly sensitive 
receivers, relatively efficient transmitters, and directive antenna arrays, 
to warrant a trial communications circuit in the 4,000 megacycle range. 
Prior to the use of microwave radio, the only available method of estab- 


lishing broadband communications channels was by means of coaxial cable | 
carrier systems. 
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The placing of cable plant is costly and is guided to a great extent by the 
configuration of the terrain over which it must pass. Furthermore, to 
provide the necessary bandwidth and compensate for the high degree of 
attenuation, vacuum tube amplifiers are required at relatively close inter- 
vals. In the Ll coaxial carrier system repeaters are spaced at approxi- 
mately eight mile intervals, while in the wider band L3 system the 

spacing is at approximately four mile intervals. Aside from initial cost, 
this presents a major maintenance problem. 


By the use of microwave radio transmission, employing highly directive 
antennas, it is possible to obtain line of sight transmission paths with re- 
peaters spaced at an average distance of 30 miles. In some special cases 
distances as great as 55 miles have been covered. This is not as economi- 
cally advantageous as it might at first glance appear, since the amplifiers 
for the coaxial system can be made up in small, pole mounted or manhole 
mounted cabinets, whereas a radio relay point involves a rather large and 
expensive building; antenna supporting structure; costly precision antennas; 
and the power supply and emergency power supply problems normally asso- 
ciated with isolated unattended station operation. 


Other factors which might be compared, relate to the available number of 
channels per system. The normal coaxial cable system will provide eight 
wide band uni-directional channels, whereas the microwave systems 
currently used may provide as many as 24 channels of equivalent bandwidth. 
However, at the present time the maximum number of uni-directional broad- 
band channels applied to a microwave system is 12. This can perhaps be 
better appreciated by examining the frequency allocation which the F.C.C. 
has made for common carrier point-to-point service, as follows: | 


| Available Individual 7 
Band (mc) Bandwidth (mc) Channel Width (mc) | 
3, 700-4, 200 | 500 oe 20 | 
5, 925-6, 425 | 500 a 20 
10, 700-11, 700 1,000 | _ 20 


The narrowest radio band of 500 megacycles appears voluminous at first 
glance when compared to the eight megacycle bandwidth of the present L3 
coaxial system. However, the operating techniques used with our present 
coast-to-coast microwave system require an individual channel width of 
20 megacycles. In order to provide a minimum of interference between — 
channels, present operation uses a 20 megacycle separation or guard band 
between channels. As a result, a system such as the TD-2 provides a 
maximum of 12 wide band channels. By the use of a different type of an- 
tenna system and some equipment rearrangements, it will be possible to 
intersperse 12 additional channels between the Preeeny assigned 20 mega- 
cycle channels with a minimum of interference. 
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Another factor often overlooked in the comparison of broadband channels ; 
is that of transmission distortions. These, particularly with respect to 
phaser multiply: rapidly as: the number of oe is increased. - 


It avene also be. well to: point. out. that the sificieney of bandwidth utilization | 
is not as. great with microwave as with the carrier system. In the L3- 
carrier system: frequency division. multiplexing is used with single sideband 
transmission, permitting the application of 1,800 telephone channels toa 
single eight megacycle coaxial system. Due to factors which will not be 
discussed here, the microwave carriers are frequency modulated with the | 
result that'a 20 megacycle band is required to transmit the same 1, 800 
telephone channels. 


In practice it has been found that a better’ grade of wide band facility can be 
provided: as economically. with. microwave as that furnished with wire plant. 


17.5: COMPARISONS : BETWEEN. WIRE AND RADIO TRANSMISSION — 
CONCEPTS 


General’ | 

The approach to. radio transmis sion is somewhat different than ‘the approach 
to wire. line. transmission and the terminology used may differ or have _ 
different interpretation; The following paragraphs will attempt to Pore out 
some of ‘these differences” | 


Attenuation» | 

In';wire line. circuits,. we eno that there is: a definite loss of energy per. 
unit'length of facility for a specific frequency and a. given type and condition. 
of.line.. Wire line facilities:are referred to as having a loss of so many db. 
per mile,:so that if the. length ofa circuit is-known, the. total:attenuation . 
can be obtained. ony mus plang. the number of miles by. the: number. of db:.: 
loss. per mile. 


Lig ‘radio. transmission, . the: attenuation of signal between transmitter and re- 
ceiver is: not -due. to-energy loss. in the transmission medium, but.is defer- 
mined by the density of the-radio field atthe receiving antenna. Referring 
to our previous: example, using the special flashlight bulb and the small 
piece of cardboard, it can be:seen that. as the cardboard is moved from the 
light:source, it will intercept fewer of the light rays per unit of area. In 
the same way, the radio. receiving antenna will intercept less of the trans- 
mitted. energy as it.is moved away from the transmitting antenna. This 
relationship ‘is such ‘that, for any given antenna arrays, doubling the dis- 
tance between the antennas will introduce an additional. six db loss.. For. 
example, if two antennas five miles. apart are separated to a distance of | 
tensmiles, the overall path loss will be increased by six db. If they are | 
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again separated to a distance of 20 miles, the overall path loss will be 
increased by an additional six db. This will continue as long as we can 
maintain a line of sight path. 


Power Levels and Level Differences - | 
ifiaximum levels, minimum levels and the level differences ata repeater 
are generally greater in radio than in wire plant. Probably the greatest 
level difference between the input and output of a repeater in wire plant 
can be found in the J carrier system under adverse conditions. In this 
system, a signal of one milliwatt, or 0 dbm, applied to the circuit termi- 
nal may leave a repeater ata level of +20 dbm and arrive at the next 
repeater input at a level of -60 dbm. Normal levels in a Type K carrier 
system may run in the order of -60 dbm at the input and +10 dbm at the 
output of a repeater. In voice frequency wire circuits, input levels are 
seldom lower than -10 to -15 dbm. These levels are normally dictated 
by crosstalk and noise considerations in the line facilities, In radio sys- 
ted ane on the other hand, a madest size transmitter may deliver 100 watts 
1 50 dkem to the transmitting antenna and a distant receiving antenna may 
ce i iver to its receiver a level of -100 dbm or a total loss between trans- 
r2itter and receiver of 150 db. This is almost twice the repeater section 
le oss of the J carrier system mentioned above, The greater loss in a radio 
‘section ig compensated for by the use of higher transmitting levels and 
lower receiver input levels, since the same crosstalk considerations do 
not apply as they do in wire plant where high levels may induce crosstalk 
currents in adjacent conductors in the same line facility. A problem is 
introduced, however, at radio repeaters where input and output levels 
differ by such large amounts due to the likelihood of the transmitter output 
being fed back to the receiver input, in spite of highly directive antenna | 
systems. This generally means that there must be a frequency shift in 
going through a radio repeater so that the transmitted and received signals 
will not be at the same frequency and result in a radio bee ueney singing 
path. | : 


Inte rfe rence Between Circuits 


As we have mentioned, information may ne transferred fora one wire.cir- 
cuit to another wire circuit by induction. Ina radio path, discrimination | 
between two channels is primarily a function of the receiver’ I's ability to : 
reject unwanted signal frequencies, while efficiently passing signals‘of | 
the desired frequency. Interference between two systems operating at the 
same frequency will be determined primarily by the distance between the 
systems and the directional characteristics of the antenna systems used. 
At the lower frequencies, interference may be introduced by unusual pro- 
pagation conditions when the sky wave from a transmitter thousands of” 
miles away may be bent or reflected in an unusual manner. In general, 
interference between radio circuits is avoided by the use of adequate fre- 
quency separation, of geographic popareuon as poe and lof modulation 
forms of a dissimilar nature. _— | 
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Privacy | &. ae ee ie aes , 37 9 Se & oP 2 8s q 

a wite circuit, the energy is confined to the conductors and is generally 
shielded from radiating by lead sheath. As a result, eavesdropping on a 
wire circuit ¢an only be accomplished at a terminal appearance, such as 
in a centtal.office, at a switchboard or at a subscriber's termination. 
Siricé, as previously pointed out, the radio transmitter may produce radia~ 
tion in all direttions. (except as confined by directional antenna systems) © 
not all of the enérpy is collected by the receiving antenna and it is possible 
for unauthorized persons to copy the transmitted intelligence by means of 
suitable recéiving equipment. The complexity of present microwave equip- 
ment and the relatively high directivity of the antenna systems does insure 
a relatively high degree of privacy at the present time. With increased 
development in the use of microwave equipments, additional steps may be 
required to insure an adeq te degree of privacy. However, this does not 


appear to be an imminent consideration. _ 


Level Variations yet: ele dee we ee a Oe oe. 
In wire circuits of appreciable length variations in received level of con-. 
siderable magnitude may be expected-on both a daily and a seasonal basis, 
e.g., température variations from day to night may introduce a total loss | 
variation in the order of 50 db ona typical 1,000 mile H-44 voice frequency 
cable circuit. Similarly, a loss variation in the order of 1,000 db could 
occur in a Typé K carrier system 4,000 miles in length. These variations 
must be*compénsated for at regular intervals along the circuit in order to 
provide a constant grade of overall transmission without allowing the input 
to any particular repeater reaching an excessively low value. Various 
types of automatic pain regulators are provided for wire circuits; however, 
their désigh arid use is highly complex. Since the gain variation is not. 
constant with frequency, it is necessary for the regulators to provide 
differing compensations in different portions of the frequency spectrum of 
the facility ahd to do this without the introduction of incidental distortions. 


The. level Variation in a radio path is relatively small under normal condi- 
tions. At mitrowave frequencies the variation in received level seldom 
exceeds 20 to 30 db. Under fading conditions, however, wide variations of 
recéived signal may be expected for short periods. The level variations in 
a radid path aré principally due to atmospheric conditions! Heavy rain may 
cause 50mé loss but this.is not a major factor at the frequencies currently 
beihg used: At 10,000 megacycles heavy rain causes less than 1 db per _ 
nile of attehuation and it is probably seldom that such rain would occur 
over an entire radio path at one time. . . 2 = | 


As previously mentioned radio waves transmitted through the earth's atmos-._ 
phere may be refracted or bent in the same fashion as light waves are bent _ 
in passing from ohe transmission medium to ee as from water — 
to air or from glass to air. This type of phenomenon has probably been 
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observed by everyone. Under certain types of atmospheric disturbance 
the refractive index or bending ability of the atmosphere may change, 
sometime’s at a periodic rate, resulting in sufficient bending to cause the 
transmitted radio waves to entirely miss the receiving antenna. This may 
result in very deep fades or complete loss of signal momentarily. During 
fading conditions the signal intensity at the receiver at any instant is 
closely related to frequency since the refraction of the radio wave is pro- 
portional to frequency. It is this phenomenon which makes it possible to 
maintain radio communication between two points during conditions of 
heavy fading by operating ata slightly different carrier frequency. 


Output Power and Output Level 


Operation of wire plant over the years has been conducted at very low energy 
levels. Power transmission is generally in terms of fractions of a milli- 
watt with intermediate amplification. Asa result, it has become common 
practice to discuss wire transmission in terms of transmission levels as 
velated to a reference level rather than in terms of actual watts power out-. 
put of a particular component of the transmission system. By the use of 
power ratios related to a reference power of one milliwatt, in terms of the 
logarithmic unit of ''db"', it is possible to avoid the use of complicated num- 
bers involving many zeros after the decimal point. In general, the problem 
is not to transmit large amounts of power as efficiently as possible but to 
transmit a small amount of power undiminished over long distances. The 
power output of the repeater or amplifier must be kept low enough so that 
crosstalk is not introduced into adjacent communication channels and the 
power handling capability of such an amplifier or repeater may be only 
great enough to produce this output level without distortion of the input 
Signal. 


In radio transmission the situation is somewhat different. It has been the 
practice to use large amounts of power at the transmitter in order to pro- 
vide as much energy as possible at the most distant receiver. In the case 
of broadcast transmission it is not at all unusual to use transmitters which 
deliver as much as 50,000 watts to the antenna. Asa result, it has become 
customary to rate radio transmitters in terms of power output rather than 
in terms of input or output levels. In the operation of microwave trans- 
mitters for Bell System services, the general procedure of the radio 
industry is not followed, Since the power outputs normally used are in the 
order of 0.3 to 1.0 watt, outputs are generally expressed in levels of db 
with respect to one milliwatt. 


Antenna Gain | | 

In wire-line transmission an impedance matching device is normally em- 
ployed to transfer the energy between the wire-line facility and the ampli- 
fying or terminal equipment. In the same fashion an antenna is used to 
transfer energy between the radio equipment and the transmission medium 
of free space. In both instances there is a loss of power associated with 


17.15 


CHAPTER 17 MICROWAVE RADIO SYSTEMS - GENERAL 


the transfer, the magnitude of which will vary with design. With this in 
mind it is, therefore, sometimes difficult to understand how an antenna 
can be considered to have gain. | 


A simple point source of radiation is called an isotropic antenna and is, 
assumed to radiate energy equally in all directions into free space. Thus 
the field of free radiation is-in the shape of a sphere and resembles the 
light radiation from the small flashlight bulb discussed earlier in this 
chapter. A single element antenna, one-half wave in length, is known as 

a dipole antenna. The radiation from this antenna has a form resembling 


a doughnut placed about the center of the antenna in a plane at eee angles ae 4 


to the long dimension of the antenna. 


In either case, signal for a receiver is obtained by placing a receiving an- 
tenna in the radiated field and so arranging and tuning it as to pick up 
maximum energy from the field. At any reasonable distance from the 
transmitting antenna the amount of energy or the area of the radiated field 
which the receiving antenna can intercept will be small when compared tor 7? 8 
the total radiation from the transmitting antenna. = 


Since the radio path loss is considered to be the ratio of the received _ 
energy to the transmitted energy, the radio path loss is accordingly large. 


It can immediately be seen that increasing the size of the receiving antenna — 


will intercept more of the radiated field and, therefore, reduce the path 
loss. However, there are physical limitations to the size of a receiving 
antenna. 


The increase in energy picked up by the enlarged antenna referred to the 
energy which would have been picked up by an isotropic antenna is called 
antenna gain. Since an isotropic antenna is a theoretical device gains are 
more often referred to the easily reproduced dipole. 


As pointed out earlier, a reflector can be used to direct the radiation from 
the transmitting antenna toward the receiving antenna and thus increase the © 
amount of energy intercepted by the receiving antenna and accordingly de- 
crease the so-called path loss. This effectively produces an antenna gain. 


Since the dipole antenna has some degree of directivity as evidenced by its © 
doughnut shaped field, it produces an effective gain over an isotropic an- 
tenna. The actual gain of a dipole over an isotropic antenna is slightly 
over 2 db. It is therefore apparent that in discussing the gain of any an- 
tenna array it is first necessary to ascertain the base of reference since 
an antenna with a gain of lo referred to a dipole will have a gain of 18 db- 
when referred to an isotropic antenna. 


{ ‘ . 
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It is not at all impractical to pone aor both ivancnatiting and receiving 
_ antennas which in the 4, 000 to 6, 000 megacycle range will have effective 
gains of over 40 db. 


17. 6 RADIO TERMINOLOGY | 


The following terms are commonly Are in discus sions. of radio trans - 
mission but have no PeOuntSE parts in wirg Plant. | 


Radio Wave | | | 

A radio wave Bececaadts electrical energy that goa escaped into free space. 
A radio wave travels with the velocity of light and consists of magnetic and 
electric fields at right angles to each ether and also at right angles to the 
direction of travel. The intensity of the electric and magnetic fields of the 
wave are such that onerhalf of the electrical energy contained in the wave 
is in the form of electrostatic nnerRy, pies ce the eopre tne half i is in the 
form of magnetic energy. . | | | | | 


Field Strength : . | | | 
The strength of a radio waye te expressed. in terms of the voltage eee 


produced in space by the electric field of the wave, and is usually expressed 
in either millivolts or microvoltg. stress per meter. The stress expressed 
in this way has exactly the same voltage that the magnetic flux of the wave 
induces.in a conductor one meter long when the wave sweeps across this 
conductor with the ee of ight. 7 


| Wave Front a | 

The plane parallel to the mutually perpendicular lines of electrostatic and 
magnetic flux of the wave is termed the wave front. The wave travels ina 
direction at right angles to the wave front with the direction of travel de- 
_ pending upon the relative direction of the lines of electromagnetic and 
electrostatic flux. If the direction of either magnetic or electrostatic flux 
is reversed, the direction of travel is likewise EevGranc but reversing both 
sets of flux hae no effect. | 


Polarization | | 
_.. The direction of the electrostatic lines of flux is temeiga the dercc4on of 
| polarization of the wave. Thus when the electrostatic lines are. vertical 
the wave is said to be vertically polarized. | 


- Troposphere a | ta | | ve 
The Troposphere is ‘the. portion si the earth's eon renee: some ten miles 


- thick, immediately adjacent to the earth!s. surface. A small discontinuity 


_ in the refractive index of the troposphere, ‘such as can exist at the boun- - 
_ dries of air masses having different moisture content, is capable of pro- 
ducing small reflections of radio waves of very high frequency. Such 
tropospheric. eget arg os practicas eee at frequencies above 
- 30 CBee Clear: ete : | 
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idnos neve , | | 7 

The outer portion. oi the edits iil id known as the ionosphere © 
and consists of free electrons, positive ibns, and negative ions ina eerie 
fied gas. The ionization of: the outer atmosphere tesults from ultra- -violet. 
light and a form of ionizing:radiation originating with the sun.. The éffect.. 
that. the ionosphere has on -tadio waves is a result of the free electrons and 
is determined by the distribution of electron density in the upper atmos- 
phere. The electron density’ at distances of 60 or more miles from the .,. 
earth is sufficient to influence radio waves causing reflection and bending. 
The maximum electron density (and the exact way in which the density. _., 
varies with height) aes ‘upon the time of oe and the season, and also 7 
varies from year to year, | | | | ae 


The stectean density of Ee; een ae varies in strata or Gag epe which are 
alphabetically designated. | Che most important of these are the E layer, a 
the Fl layer and the F2. ldyer. The E layér has a virtual height of around | 
60 to 70 miles while the F2 layer has a virtual height which varies from 
150 to 250 miles. At night the E and F1 layers may tend to fade out while ~ 
the F2 layer. descends. This accounts for the variation in reception be- = 
tween night = ay of radio ela aatcr eal which are. reflected by the F2 
layer. | es, face | 


The term "sky wave" refars 6 energy that is Seagate inthe: space above 
the earth under conditions: ‘such ‘4s to be affected by the ionosphere. ' The 
sky. wave accounts for long: ‘distance. communication of all types except at 
the very lowest of radio frequencies. The variation in the height of the . 
ionosphere and. the resultant variation of the point at which the ‘reflected — 
Sky wave arrives accounts for the variation in signal sane between day 
and prehty. winter and. summer, | ete. in: os distance ica 


Ground. Wave ae a ” 4 

When the trahsthi thing and: ateveiWing t antennas. are at: tthe surface of the 
éarth and are vertically polarized a ground wave exists that is supported - 
at its lower edge by the presénce of the earth's surface. It is this ground. 
wave (sometimes called. ‘surface wave) that accounts for the propagation of 
broadcast signals in the ee | | eg | 


Space Wave ~~ | 

When the antennas ate devared then, in addition to the pe wave that . 
depends upon the presence 6f the earth's surface for its existence, energy 
also propagates in the space above. the earth in ‘a manner that does not de- 
pend upon the earth's surface. This space wave can be considered as con- 
sisting of a ray traveling directly from transmitting to receiving antenna, 
plus a ground reflected ray. The space wave. represents the principal | __ 
means by which we reaches. a RECeeny nee antenna at Bereducncier, above _ 
30° i aca aa | | 


17.18 


CHAPTER 17 MIGROWAVE RADIO SYSTEMS - GENERAL 


Reliability | ee | 

The reliability of a circuit is generally taken ag ‘the percentage of a 24-hour 
period during which it furnishes dependable transmission, When studies of 
radio path reliability are made the only lost'time considered is that due to 
the radio path itself and does not include time leat due to de a defects, 
ete. | 


17,7 MODULATION 


a Swolinine modulation a carrier frequency ig anid in amplitude in 
accordance with the amplitude of the intelligence Signal to be transmitted. 
The rate of amplitude change is the same as the rate of signal amplitude 
change, An AM carrier is said to he 190% modulated when the peak ampli- 
tude of the modulated current waye oe ae that of the amelmuns of the 
unmodulated current wave. - | | | | 


In. frequency modulation the doearence of the carrier \ wave. is s varied an 
amount proportional to the amplitude of the intelligence: signal to be trans - 
mitted. The rate of frequency variation of the qarrier is the same as the 
rate of amplitude yariation of the modulating signal. A. frequency modu- 
lated carrier is said to be 100% modulated when, the peak frequency change 
is equal to the rated peak change for the. transmitter in question. The’ 
change in frequency from the normal RAPETGE ick miele in an FM carrier 
1S referred to as the deviation. | 


Another term which is aeeds to describe the characteristics of an FM trans- 
mitter is the deviation ratio. This is the ratio of the maximum transmitter 
-fpaquency deviation to the maximum modulating frequency. : 


A, term which is useful in discussing the sideband content of an FM signal 
is the modulation index. This is He ratio oF the deviation to the basupandues. 
frequenty. | 


Frequency Modulation 
Figure 17-2 illustrates frequency modulation of a. carrier wave. 


The following three piavem ate should he studied carefully, as ‘Specifications | 
of F M:; me | | : 


a. The amplitude of the carrier Ponape ‘constant as ene carrier frequency 
ds yaried by modulation. 

obey Deviation (i.e., Preduen cy swing) is proportional to ‘the amplitude of 

' the modulation. _ 

¢. The rate of pre Ueney: corner is proportional to frequency of the modu- 
3 parted — oc ec eS a ee 
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Fig. 17-2 - Frequency A Modulation of Carrier Wave 


Very ‘éldgely associated: with Frequency Modulation is Phase Modulation 
(P.M). The ccuowing three statements should be studied as specifications | 
of. PM: | | a 


’ eo: . 


. The amplitude of the: carrier remains constant as. the carrier frequency : a 


is varied by modulation. 

b. Phase swing is proportional to the ee of the modulation. 

¢. Deviation eecddeney, even). is proportional to frequency of the modu- 
lation. 


Gotnparison of FM anti, Me | | ; | 
It is apparent that itis impossible to vary either @eaucdey or ouaee inde-_ 


pendently. Indeed, frequeticy is defined as the time rate of change of phase. _ 


Figure 17- 3 shows 4 comparison of FM.and PM. In each case the modula- 
ting. signal (deliberately chosen not tobe a sine wave) is identical. In case 
of FM, . the carrier frequency is seen to vary in.proportion to the signal, 

but. in the case of PM the. phase varies in proportion to the signal. In both 
cases, the second curve: (carrier frequency) is seen to be a plot of the 
slope, of the third cute Wedestox pete 


M Modulation Method S.: a ae | a en 
Various schemes may be fased to wililiatia frequency modulation. A simple. 
(but inefficient) method is to use a condenser microphone in an oscillator 
tuning circuit. In this case, sound waves will vary the capacity of the © 
microphone and the oscillator frequency will vary in direct relation to the 
amplitude of the sound waves. 


Another, and better mettiod for. frequency modulation utilizes a reactance ~ 
tube. By means of a suitable circuit, a tube may be caused to act like a 
reactance (coil or condéniser) and its reactance may be varied in accord- 
ance with a ene applied + to.its grid. If such a reactance tilbe be 
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| connected. in-parallel with the tank circuit of an oscillator, the frequency 
of. the oscillator will vary in direct relation to the amplitude variations 
of the signal applied to the reactance tube. i : 


Still another method, ‘the phase-shift method, is to use a-phase splitter 

to féed the carrier with equal magnitude but with a 90-degree phase dif-. 
ference to the control grids of two paralleled amplifiers. The modulating » 
‘signal is then fed to another grid of the tubes in push-pull. In the paral- 
leled plate outputs of the two tubes the resultant voltage then varies in 
phase in accordance with the modulating voltage. (This is PM, but may 

be converted: to FM by. pre-distorting the modulating signal). e 


FM Detection en oe - | _ 
Figure 17-4 shows a block diagram of a typical FM recéiver. 


Fig. 17-4 - Typical FM Receiver 


In such a receiver the modulated carrier is first amplified, then beat down 
by combination with an oscillator frequency in a mixer stage which has its 
_ plate tuned to the difference of the carrier frequency and the oscillator 
frequency. The intermediate frequency which results is then amplified 
and fed to a limiter. The limiter, which is a grid-leak biased amplifier 
with low plate and screen voltage, limits negative peaks by cutoff and 
limits positive peaks by grid action (not by plate saturation). The output 
of the limiter is constant-amplitude FM which is fed to a discriminator. 
‘The discriminator (FM detector) has zero output, both ac and-dc, if the 
carrier is unmodulated and is exactly on the receiver frequency. If the 
carrier is modulated, the discriminator has an ac output equivalent to 
.the modulating signal. | | , ee 


17.8 RADIO SYSTEMS 


Types of Radio Systems — 

The esséntial elements of any radio system are (1) a transmitter for mod- 
ulating a high-frequency carrier wave with the signal, (2) a transmitting 
antenna that will radiate a maximum amount of the energy of the modulated 
carrier wave, (3) a receiving antenna that will intercept a maximum amount 
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of the radiated energy after its transmission through space, and (4) a re- 
ceiver to select the carrier wave and detect or separate the signal from 
the carrier. Although the basic principles are the same in all cases, 
there are many-different designs of radio systems. These differences 
depend upon the types of signal to be transmitted, the distances involved, 
and various other factors, including particularly the part of the frequency 
spectrum in which transmission is to be effected.. | | 


Figure 17-5 is a chart of the radio spectrum indicating at the left the 
commonly accepted classification of radio frequency ranges; and showing 
at the right the more important frequency ranges of special interest in - 
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Fig. 17-5 - Radio Frequency Spectrum. 
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éutrent: telephone vimetied,. It will be noted that telephone species takes 
use of some’ part of- nearly: all of the major frequency ranges. It mist’ 

accordingly emiploy 4 corresponding variety of types of radio facility. It 
isinot practicable or désirable to attempt to describe all of these in this _ 
book, and: what follows will: therefore be limited to a brief general dis- 
cussion. of: principles: applicable to: all radio systems, way a few examples 

of specific. facilities:. | a 4 


Radio. Transmitters’ | 
The: principal components of. a: typical amplitude- aia isead radio teaties 
Mmitter,, such.as might: be used:in radio broadcasting or for relatively 
low-powered point- to-point transmission, are indicated.in the’ book dia-_ 
gram. of. Figure: 17-6. Heré the amplified input signal plate- -modulates _ 
the. carrier in: the otitput: circuit of a Class C power amplifier which rep- 
resents the final stage in.d& chain of amplifiers. that increases the power 
of the catrier to an. BBE Hgeiae value for application:to the antenna. 


Final, 
_ Power. F 
Amplifier |. 


° Batter. 


“Catner: a of 
con: Aes 


"Osc. 


: Audio 
Power 
gefnpliler 


Oy dS Alidio., fo 
. a hes 


Fig 1% & ANE. Radid ' Transmitter 
is oaltuainel Modulation 


Rex, very, Long: distance: points -to~point radio: telephone’ circuits, such as: 
| thosé: uséd in} transoceanic: Bervice, transmitter design: is naturally some~=- 
what: more: elaborate.. _ | 


As: was. pointed: out: earlier. ‘thewe: area spumber: of. different types of cir~- 
«Suits: in-use for, frequency. modulating a.radio carrier’‘wave. Figure: 17-7. 
indicates: in. block schematic the arrangement of an' FM transmitter in. 
which modulation is! effected by means of a reactance tube circuit. Be- 
edusé: PM: radio: (voice)i transmission is generally in the very high- var 
frequency: range, it.is necessary to use frequency multiplying circuits to;*: 
bring: the basic frequency: generated by. the master oscillator up to the. — 
desired value. The oscillator usually operates in the neighborhood of. 

5. me, and. its. output: fréquency must be multiplied by factors in the order 
of 10. t6:20° to: reach. the: frequencies.prescribed for FM transmission. Two 
o¥ three: frequency oe stages are a employed for this. 
Eee. 
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Fig. 17-7 - FM Transmitter Using Reactance Tube 


In order to maintain the carrier frequency at a fixed value, the reactance 
tube type of transmitter requires the use of an automatic frequency con- 
trol arrangement as shown in the lower part of Figure 17-7. This includes 
a crystal-controlled oscillator of highly stable frequency. A portion. of 
the modulated carrier is picked off and compared in a mixer (modulator) 
circuit with the output of the crystal oscillator. The difference between 

_the two frequencies, if any, is fed to a discriminator, the output of which, 
after rectification, is applied to the grid of the reactance tube. The 
polarity of this rectified output will be such as to hold the mean frequency 
of the master oscillator She CH eay constant under the control oe the crys- 
tal oscillator. 


Radio Receivers 

The radio signals that are picked up by the antenna of a radio receiver are 
usually very weak so that the receiver circuit must ordinarily include one 
or more amplifiers. 


The vast majority of modern receivers are of the ' gene rsisecdvacl type 
illustrated in block schematic in Figure 17-8. Here, before detection, 
the r-f signal is converted by a modulation process to a fixed intermediate 
frequency value in which most of the required amplification takes place. 
The incoming signal is selected by a variable tuned circuit, which in some 
cases may include one amplification stage. A local oscillator, which 
supplies the mixer or demodulator (also sometimes called a converter or 
first detector), is tuned simultaneously with the signal selecting tuner so- 

_ that the frequency of the mixer output, which is the difference between 
the frequencies of the oscillator and the incoming carrier, is always the 

same. The intermediate frequency amplifier circuits, accordingly, re- 
quire no adjustment and may employ coupled circuits double-tuned to a 
Single constant frequency. Radio broadcast receivers are usually de- 
signed for an intermediate frequency value of about 450 kc. Figure 17-8 
indicates a local oscillator separate from the mixer circuit, but in most 
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 preadeast: receivers a x single. mae -grid tubé known as a! ‘pentagrid 


Mery es 


_ converter"! performs ‘woth: the: oscillator and mixer functions. 


— Loud- . 
speaker | — 


4 Detector 


Fig. 17- 8. - - Saperheterodyne Radio Receiver 


‘The superheterodyne. recéiver,. although its advantages are sufficient to 
warrant:its. general use,:has some inherent capacity to produce spurious 
responses. under certain conditions. One of the major sources of such 
undesired: responses. is. the. possible presence at the antenna of a signal 
whose value is. the ‘image. frequency" of the tuned-in signal. The fre-. 
quency of the image signal,is greater than the frequency to which the 
receiver is tuned. by. twice the value of the intermediate frequency if, as 


dg, normally the case, the local oscillator is operating ata higher fre- bets 


- quency than. that of the: desired: signal. Such an image signal will mix the. 
escillator: frequency to _produce a difference frequency that is exactly 
equal to. the. intermediate frequency. Thus, both signals would be ampli- 
7 fied: in. the IF’ section. and. appear ech saciateaae! in the receiver a 


Receiver: reeponae, to image. signals can only be avoided. ie blocking the: 


" oo in. 4. Ene. i tae Se pep nat: else aa mixer. This is facilitated 


* a an the. desired. Treaueney For poh if the intermediate fron 


eye 


quency. is. 45.0: ke, and. the. receiver is. tuned to a signal carrier at 800 kc, 

the: oscillator frequency. must be 1,250kc. With this oscillator frequency, 

the image. signal that would. produce a 450 kc intermediate frequency would 
be: 1,250 ke plus 450. ke or 1,700 kc. This is sufficiently removed from 


a the. 800. ke signal so, that, little, if any, is. ‘Likely: ' to pass oe the tuned 


selecting. circuit to: reach, the. mixer. 


For: reception. ‘of long: distadce, point-to- point. ayeuates as in transoceanic 


- setvice, a more elaborate receiver employing two intermediate frequencies 


is.often used. This.arranigemient is sometimes known as a triple-detection 
receiver. The first. intermediate frequency has a relatively high value. to 
permit maximum image suppression, and the. second intermediate fre- 
| quency. i is. comparatively bow. to provias high ediacent channel selectivity. 
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Fig. 17-9 - Frequency-Modulation Receiver 


The pre-detection stages of receivers for FM signals are generally the 
same as those of AM receivers. As shown in Figure 17-9, however, de- 
tection in this case is effected by means of limiting and discriminating 
circuits. For best results, IF amplification should be great enough to 
raise all peaks of the signal above the cut-off point of the limiter. This 
will automatically eliminate any amplitude variations that may be present 
so that the signal at the output of the limiter will have a uniform fixed 
amplitude and will vary only in frequency. By eliminating amplitude 
variations, noise and unwanted energy which are the chief causes of such 
variations are minimized. The discriminator converts the constant 
amplitude frequency - -variations into an audio- -frequency signal, which is 
then amplified in the usual manner. 


Radio Transmission 
In analyzing the total energy losses that may occur in the transmission of 
electric power from one point to another, it is necessary now to consider 
another phenomenon which has, ae to this point, been ignored. Thisis ~ 
the loss due to radiation. | 


In 1864, James Clark Maxwell undertook to set up a series of mathemati- 
cal equations that would provide a general statement of the relationships 
between electric and magnetic fields under any and all conditions. In- 
rounding out this series of equations to achieve mathematical symmetry, 
he was led to some very interesting conclusions. The equations seemed 
to indicate that the hitherto existing assumption that all of the energy con- 
tained in the electric and magnetic fields accompanying the flow of current 
in a conductor returned into the conductor when the source of emf was cut 
off was not wholly true. Some part of the field, it appeared, would detach 
itself entirely and escape into space in the form of electromagnetic radia- 
_ tion, carrying with it a comparable part of the total energy. 


This led to the further conclusion that a moving electric field can exist in 


_ the absence of any electric charges, despite the fact that an electric field 
is usually thought of as being made up of lines of electric force always 
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Pa een 


tetiinating on electric. charges. Furthermote, if a moving electric 
field can exist independently in space, it must be thought of as being 
equivalent in certain ways to a flow of electric current. In other wore a 
the moving electric field in free space must set up, or we poppenn ina cM : 
‘by, a moving magnetic. field just as. it would be in case of current — 
flow atone conductors. —. | & 3 


‘The Maxwell equations caniiot be written in. any form that dees: not cavolve 
‘branches of mathematics which ate beyond the scope of this book. With 
Pespect to radiated energy) however, the equations indicate, and experi- 
‘énce confirms, that fora given current the amount of energy radiated 

| depends upon the square of ‘the frequency. Naturally the amount of radia- 
tion also depends upon the intensity of the current. What is of major | 
| Significance froma practical viewpoint is the fact that the amount of radia- 
tioh goes up very rapidly aB the frequency increases. There is always. _ 
radiation whenever thére ate changing current values but at be frequen- 


cies; and at frequencies. well ‘up into the. ordinary telephone "carrier range, '' - 


the amount of radiation is wegligible for most practical purposes. At fre- 
quencie’s that are measured ih megacycles, on the other hand, radiation —_ 
may cause losses that ¢ are® ‘much: greater than. any R nee in the conduc- 
“tot. | 7 a me x | 7 7 


_ Tt: was not until some twenty: years aitee Maxwell aepsloped ae sAnious 

| ‘equations that Heinrich Hertz-demonstrated experimentally the truth of 
‘the: ‘electromagnetic radiation | hypothesis; and it was some years later be- 
fore experimenters began to: ‘develop methods for taking advantage of this 
radiation phenomenon to transmit electric energy through. space for ise 
‘purposes. Ih this case. the ‘objective was not to avoid energy losses by | 
- fadiation but to ‘do everything possible to facilitate maximum radiation. 
‘Since, as we have seen, the amount of radiation increases with frequency 
ata. geometric rate, ‘purposeful radio ‘transmission naturally involves the 
‘use ‘of ‘high frequencies and transmission lines: or antennas ecereacas to 
‘radiate: maximum energy. | ) 


tae 


tf the transmission of ‘the radiated energy were through nobercacted: space 
‘in ‘the form of ‘electromagnétic waves like light waves, there would be no 
7 loss: of energy “along the line" because ‘there would be nothing to absorb 
‘the ériergy. If énergy could be radiated from a given point and confined in 

a ‘Harrow ‘beam extending directly to ‘the ‘receiving point, this means of. 
‘tian Sthis Bion’ ‘could ‘be far ‘superior to any wire transmission because of 
this lossless’ quality. ‘However, the natural tendency of any radiator, iso- 
latéd ih’space, is to sénd out‘energy in practically all-directions. although 
‘Only such cere as: beac reaches any receiving point is noeeuh 
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"Line losses''in radio transmission should largely be thought of not as 
energy losses in the transmission path itself, such as occur in wire lines, 
but as energy escaping entirely from the effective transmission path. The 
basic transmission problem, accordingly, is to devise methods that will 

_ direct the path of the radiated energy. Such methods are concerned pri- 
marily with the radiating antennas and it is customary in radio work to 
measure the effectiveness of antennas in controlling the directivity of 
radio propagation in terms of antenna gain. This is merely a measure in 
decibels, or other appropriate units, of the amount of energy received at 
a given point from a given transmitting antenna compared with what would 
have been received if the transmitting antenna radiated with uniform 
strength in all directions. Thus, high antenna gain in radio transmission 
corresponds to low line loss in wire transmission. 


As is discussed briefly later in this Chapter, it is possible to design an- 
tennas with quite high gains -- particularly in the superhigh-frequency 
vange (thousands of megacycles). There is no practical possibility, how- 
ever, of designing antennas with such directivity that all, or even a major 
part, of the transmitted energy will reach a receiver located at any great 
distance from the transmitter. In other words, there must always be a 
very substantial effective loss of energy. What is perhaps worse, this 
lost energy may be absorbed elsewhere where it may interfere with other 
communication circuits, or be received at unauthorized points in sucha 
way as to militate against the privacy of the transmission. There remain, 
‘therefore, obvious advantages in the employment of physical facilities that 
guide the energy directly to the desired receiving point. An ordinary wire 
line is one type of such a guide but is satisfactory at only relatively low 
frequencies because its radiation and other losses become too great at 
high frequencies. A coaxial is a better guide because the outer tube acts 
as a shield to prevent any of the electromagnetic energy transmitted within 
the tube from radiating into space. At frequencies in the thousands of — 
megacycles, however, the losses of any practical design of coaxial also 

_ become very high. The usefulness of radio transmission in practice is 
found in two principal situations. The first is where it is impossible or 
economically impractical to construct physical facilities that will guide 

the energy. Here the application is in transmission over large bodies of 
water or to moving points such as ships at sea, motor vehicles, trains, 
and aircraft. The second situation is point-to-point service over land © 
where radio transmission is considered more economical on an overall 
basis than other methods. A major application here is to microwave radio 
relay systems. But even in this case, it is necessary to use some form of | 
physical transmission medium to guide the energy through the relatively 
short distances from the transmitter itself to the transmitting antenna, 

and from the receiving antenna to the receiver. Within limits, shielded 

_ wire lines or coaxials can be used for this purpose. More effective, 

_ however, are the simple hollow metal tubes commonly known as waveguides. 
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V7, &Y WAVEGUIDES 


| it is probably. easiest to ‘think of a waveguide as a device which merely: 

isolates: a particular path in space. Propagation of energy through the” 

guide is then essentially no different. from ordinary radio propagation, © ex-+ 
cept that it is confined to this particular isolated path. However, the - 
transmitting path, i.e:, the space of the interior of the guide, must.be - 

_ large enough to permit the traveling electric and magnetic fields to as- 
sume configurations comparable to those that they would naturally assume. 
when traveling in free space. It can be shown that for effective propaga- 
tion a waveguide must have a maximum cross-sectional dimension at least 

equal. to one~half the wavelength. This automatically limits the practical 

use of waveguides to thé transmission of very high m OauDnctae where _ 

‘wavelengths are of the order of a few inches. 


| Waveguides commonly uséd in telephorie ee are ceeds in shape 
as illustrated in Figure 17+10, with the dimension b greater than one-half 
wavelength but not greater than one wavelength. The dimension a is not 
critical but is usually about half as large as b. In sucha guide the electric 
field. tends to arrange itself as shown in Figure 17-11(A) with the lines of 
3 electric force Neseoaaine vertically between the top and bottom gore walls 


| Fig. 17-10 ~ Rectangular Waveguide 


and having maximum intensity at the center, and tapering off to zero at | 
the sides of the guide. The magnetic field is at right angles to the electric 
field as shown in Figure 17+11(B). The lines of magnetic force, as indi-_ 
- cated, are closéd loops and the magnetic field has its greatest intensity __ 
_ along the sides of the guide with minimum intensity in the center where the 

electric field. is the greatest. 4 


If the interior walls of the. guide are perfectly conducting, | the lines of force. 
of the electric field must always be perpendicular to the top and bottom _ 
‘walls; and the field at the. side walls must be zero because the field there. 
would be short-circuited: “Similarly, the magnetic field must always be. 
‘parallel to the side walls of. ‘the guide and can have no par pendionine 


17. 30. 


CHAPTER 17 MICROWAVE RADIO SYSTEMS. - GENERAL 


ere Om me PT me oy oe Sa a ae mn eae 


eae pene, 


~ 
x 
A 
ae] 
a 
tA 
o 


me 


arid 


oe mw mee me mw wee wee a, 
ee oe 
were ee meme 
ee o 
®q2= =Ewee wee sae ee 
een mae eae mens 

- : 

Pa 
ey Te 
eon ewe eee wee wmemen 

o 


a 
’ 
¢ 
4 
t 
p] 
' 
4 
t 
‘ 
A 
~ 
? 
, 
i] 
‘ 
i] 
i 
t 
t 
4 
‘ 
~ 


Space eee 


f 
4 
i 
t 
1 
t 
1 
’ 
§ 
1 
1 
t 
+ 
{ 
4 
i} 
3 
’ 
4 
4 
oe 
7? 
4 
24 4 
it o4 
ee 
oa 
i 
r 
Le | 
‘ 
4 
a 
N 


(B) Top View 
Fig. 17-11. 


component which will cut through the conducting surfaces because any such 
component would set up a current that would in turn set up a magnetic field 
exactly opposite to the exciting field. All this is to say that if the inner 
surface of the guide is a perfect conductor, the traveling wave in the guide 
would at all times be a plane wave without any curvature whatever. Under 
these conditions energy would travel in the guide with practically no loss 
since no appreciable energy can be absorbed by the air dielectric. Actually, 
the inner surfaces of the guide are not perfect conductors, although copper 
and sometimes silver-plating is used in their construction. Asa result, 
the actual configuration of the fields in the guide tend to deviate slightly 
from the ideal plane form. This results in some movement of the elec- 
trons in the surfaces of the guide and some consequent I *R energy losses. 
At 4,000 megacyc¢les the loss.in a 1-1/4 X 2-1/2 inch bronze guide is 

about 1.5 db per 100 feet. In terms of the losses that we encounter at low 
frequencies in ordinary wire transmission lines, this is extremely high. 

It is nevertheless substantially lower in the microwave region than would 
be caused by the usual types of wire line or coaxial cable. The velocity of 
propagation of energy ina waveguide approaches but is always somewhat 
less than the speed of light. 


Like any other transmission line, the waveguide should be uniform in 
structure along its total length. Any discontinuity such as changes in its 


sige or shape, holes in the guide walls, or foreign conducting materials 


in its interior, will cause reflections and consequent energy losses. For — 
the same reason care has to be used in designing bends or twists in the 
guides. In connecting different types of guides together, or in connecting 
them to antennas or energy sources, methods of impedance matching 
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similar - in genceal sicinie to those asain in wire or coaxial lines, 
must be employed to avoid reflection losses. | 


If a waveguide is “itehosiea'® @. e., closed by a conducting end plate) at’ its” 
far end, total. reflection will occur just as when a wire transmission line 
is shorted. If the waveguide is shorted at a point which is an odd multiple 
ofa quarter wavelength distant from the energy source, the reflected 
wave will add in phase to the incident wave to set up a standing wave in 
the guide. In other words, the guide is now a resonant line and relatively 
large amounts of energy will surge back and forth between its contained 
electric and magnetic fields when energized or excited by the appropriate 
‘resonant frequency. This is the phenomenon that is taken advantage of to 
produce the cavity resonators that we shall encounter later. 


Thus if a section of waveguide one half wavelength long is Fieced at both 
ends to form a small box and energized at the center point, it may be con- 
sidered as two quarter wave lines, each of which is resonant. The cavity 
then acts in the same manner as an ordinary parallel resonant circuit 
made up of an inductor and.a capacitor where likewise at the resonant fre- 
quency relatively large amounts of energy may surge back and forth be~ 
tween the magnetic field of the inductor and the electric field of the 
capacitor. , = | 


Fig. V- 12 - Probe ‘Type ‘Coaxial To Waveguide Transducer | 


‘The: most common method: tor sacred ing or exciting a waveguide is indi- 
cated in Figure 17-12. Here the central conductor of a coaxial is inserted 
vertically into the center of the guide,, where the electric field has its 
maximum value. This. ‘probe. acts like an antenna in delivering energy to 
the: guide, or in removing energy from it. The outer tube of the coaxial | 
is: connected. electrically and mechanically to the wall of the guide and the 
Pap Ssane ee. are matched my, Wpeating the uae ata point ed less than | 
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one-quarter wavelength from the closed end of the guide so that reflections 
from the end plate will be in phase with, and add to, the traveling wave in 
the tube. Guides can also be energized by inserting a loop as shown in 
Figure 17-13 at a point in the wall of the guide where the magnetic field is 
most intense. 4 


End 
Plate 


Fig. 17-13 - Loop Type Coaxial To Waveguide Transducer 


In the above discussion we have deliberately confined our attention to a 
single configuration of the electric and magnetic fields in the waveguide. 
The configuration discussed is designated technically as the TE 1o ‘mode. ' 
This mode will permit the transmission of the lowest frequency for a given 
size guide. Ifa guide is made larger so that its maximum dimension is 
greater than one wavelength, other configurations or modes of the fields 
become possible. The dominant mode discussed, however, is the one of 
major applicability in telephone practice. | : 


17.10 MICROWAVE COMPONENTS 


General | : _ 

It is quite general practice to think of the resonant or tuned circuits in 

' radio systems as consisting of a coil or inductor and a capacitor connected 
either in parallel or in series. Both the parallel connected and the series 
connected circuits may be used as the input or output load circuits for _ 
vacuum tubes. Asa result, part of the capacity which determines the 
condition of resonance is contributed by the vacuum tube (and the asso- 
ciated wiring) or other components which may have distributed capaci- 
tance to the chassis or to other components in the circuit. 


Since the resonant frequency is inversely proportional to the product of 
the inductance and capacitance, either or both of these elements must be > 
reduced in magnitude to secure an increase in resonant frequency. In 

the 150-200 megacycle frequency range, it is not uncommon to have a 
tuned circuit consisting of a single turn of wire to furnish the inductance, 
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with no external capacitance, depending entirely upon the capacitance be-- 
tween opposite sides of the turn of wire and the distributed circuit capaci- 
tances. | 


It is therefore apparent that,’ as we 5 approach the frequency range normally | 
considered as microwave, .- tuned circuits would become microscopic in _ 
size if the conventional coil and capacitor arrangement were retained. In’ 
addition to being physically impracticable, the power handling cepa nie 
of such circuits would be so small as to render them useless. 


It will be remembered from previous chapters that quarter wave sections 
of transmission line appear as resonant circuits and that as the length is” 
varied, these sections of line appear as reactances having sredominantly ” 
inductive or capacitive component depending upon the length. As the 
operating frequency is raised, therefore, it has become common practice. 
to substitute sections of transmission line which may be either terminated 
in a short or open depending upon the operating conditions, instead of the 
usual coil and capacitor resonant circuit. : | 


It will also be eee | cory a wavoudide has many of the characteris- 
tics and is assumed to be composed of quarter wave sections of trans- _ 
mission line. This being the case, it is only natural that we should resort © 
to waveguides and sections. of waveguide with various configurations to 

form the resonant or tuned circuits that are necessary for the generation — 
and amplification of energy at microwave preQuett Se: 


This chapter will be aegoi to a discussion of some of the more common 
microwave components that:are related to waveguide construction. Not 

all of the possible combinations are considered in this chapter since many 
of these have no present Bell. System application. The descriptions, a. 
therefore, are confined to those elements or components which are current- 
ly used in the microwave equipments employed for Bell py ate service. 


It might be of intomest) to point out that many of these waveguide components, 
for example - directional couplers; transducers; terminations; etc., have 
become so standardized in the industry that they are furnished by micro- 
wave component suppliers in the same fashion that vacuum tubes are 
furnished for the low frequency radio equipments and a manufacturer of 
microwave systems will design his equipment around these standard com- 
ponents. As an illustration, a Philco microwave system would have an 
electrical design and physical arrangement which would be original with © 
Philco, but could very readily use a directional coupler manufactured by 
Polytechnic Research and Development or an antenna horn and reflector 
manufactured by Work Shop Associates in the same fashion as the Wilcox 
Radio Company might build a VHF radio system and equip it with Eimac — 
vacuum tubes. 
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| Fig. 17-14 Reactive Wave Guide Elements 
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Reactive Elements ny ee 

If a partition is placed across a waveguide as eee in Figure 17- 14A, it 
will distort the electrostatic field. Electrons will accumulate on the sides 
of the partition, first on one half and then the other and the resultant ‘effect 
will be that of a shunt coe ‘This arrangement is called an iris or 
window. | | | | a 


In the same way a post may be extended from one side of the waveguide 
into the electric field, as shown in Figure 17-14D. This also will distort 
the electric field and will appear as a shunt capacitance. This type of 
post is called a capacitive stub and is usually threaded so that it may be 
screwed in or out of the wevceuce and act as a variable capacitor. 


If the partition is now placed vertically in the wave egaide as shown in 
Figure 17-14B, it will distort the magnetic field due to currents flowing 
vertically in the partition and producing a resultant magnetic field. This 
type of iris or window thus acts as a shunt inductance. 


In the same fashion, a post, fay be placed in the waveguide connecting the 
two parallel surfaces as shown in Figure 17-14E. This again will have 
current flowing through it and will distort the magnetic field and thus 
appear as a shunt inductance across the waveguide. If the post is made 
small in diameter, it will have relatively high inductance as well as con- 
siderable surface resistance due to the small surface area. If the post 
is made large in diameter, the inductance will be lower but the Q will be 
much higher due to the reduced surface resistance. A corresponding 
effect can be obtained with the window. 


By combining the capacitive and inductive windows, a resonant slot or 
window is formed as shown in Figure 17-14 C. This will appear asa. 
parallel resonant circuit having a frequency response Peon gerreeae to its 
physical size. | 


‘Reactive elements of these types may be used as resonant circuits or for 
impedance matching in thé’same way that quarter wave stubs are used on 
transmission lines as discussed in Baar chapters. 


Waves vuide Filters : 
At super-high frequencies a is impracticable to use tuned circuits, such 
as we have been discussing, employing coils and capacitors. Analogous 
principles apply, however, in the design of waveguide filters. Thus the 
resonant cavity, which we have already considered as being comparable in 
many respects to the parallel- resonant tank circuit, now becomes the 
basic element of the waveguide filter. Superficially, at least, if sucha 
cavity is inserted ina waveguide it might be expected to pass a narrow 
band of frequencies Center, about its resonant bapeduerey: and to reject 
‘other frequencies. | 
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Figure 17-15(A) is a sketch of such a resonant cavity designed for inser- 
tion in a waveguide having the same cross-sectional internal dimensions 
as the cavity. The screw shown centered in the top wall of the cavity is 


Fig. 17-15 - Waveguide Band-Pass Filter Section 


located in the region of the strongest electric field. Its presence tends to 
shorten the electric lines of force and thus has an effect similar to in- _ 
creasing the capacitance in an ordinary tank circuit. .In other words, in- 
serting the screw farther into the cavity lowers the frequency of resonance 
of the cavity. This result is effectively the same as if the length of the 
resonant chamber were increased. When the cavity is inserted in the 
guide its ends are enclosed by thin plates which, however, must contain 
openings to permit the wave of energy to pass through. The openings in 
the end plates are usually known as irises. In the arrangement shown in 
Figure 17-15(B), the irises are vertical and the plate assembly has an 
effect like a shunt inductance because the plates projecting into the region — 
of greatest magnetic field effectively shorten the lines of magnetic force. 


Fig. 17-16 - Two-Chamber  ——~”™ Fig. 17-17 - Cavity-Coupled 
Filter [ris-Coupled | oe Filter : 


17.37, 


CHAPTER 17. MICROWAVE RADIO SYSTEMS - GENERAL 


{reely. It should be noted that the energy of the rejecied frequency band 
is not absorbed in the filter but totally reflected. Furthermore, the 
design is such that the reflections from the several shunts add in phase. 


: ae ae Euty a4 
@@ on @ 


Band Width Adjusted 
By Top Screws 


Frequency Adjusted 
By Side Screws - 


Fig. 17-18 - Band Reflection Filter 


Duplexer 
A device which is known asa duplexes, uses a number of the principles 


already discussed and has been employed to connect a transmitter and re- 
ceiver ‘simultaneously to the same antenna. With such a device energy 
received by the antenna is passed to the receiver without loss in the 
transmitter section. Likewise, energy from the transmitter section is 
passed to the antenna without eae rire the receiver. 


One form of duplexer is shown in Figure 17-19A and B. Part of the 
functioning of this device is based upon the use of a resonant cavity which 
will be discussed in a later section. For the purposes of this discussion 
it may be considered as. the equivalent of a parallel tuned circuit. 


The oscillator tube may feed this cavity either through the use of an aper- 
ture or a coaxial probe. The cavity is then coupled to a T section through 
an iris window which transforms the combined impedance of the resonant 
circuit and the oscillator output circuit to match the waveguide section. 
The transmitter leg of the T is made one-half wave in length and is turned 
at the junction with a reactive tues to eliminate Pen CemOne as previously 
discussed. | 


Since the transmitter and receiver do not operate on the same frequency, 
the resonant cavity of the transmitter will appear as a short circuit at the 
receiving frequency. The half wave length of waveguide will transfer this 
short circuit to the main section, completing the side wall of the main 
waveguide and providing an uninterrupted path from the antenna 
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to the receiver input. In the same fashion, the receiving filter appears 
as a short circuit at the transmitting frequency and since the receiving 
filter is a half-wave length from the junction, the short circuit will be 
transferred to the junction, completing the waveguide path ee the trans- 
mitter to the antenna. 


Since neither the transmitter nor the receiving filter short circuits are 
exactly zero impedance and since they will be located at a half wave length, 
within manufacturing tolerances, some reflection might occur at the 
junction. For this reason, the capacitive stub is placed in the waveguide 
to produce reflections in phase ppyesron and is adjusted to provide mini- 
mum standing wave. 7 


Detectors and Mixers ? 

As at the lower frequencies, microwave receivers follow the superheter- 
odyne principle in order to obtain the benefits, both as to gain and band- 
width, to be derived from intermediate frequency amplification. The. 
incoming microwave frequency is mixed with a local oscillator to produce 
an intermediate frequency in the general range of 65 to 75 megacycles. 

At this frequency suitable bandpass transformers may be used with con-_. 
ventional vacuum tubes to provide the necessary gain for the ultimate 
conversion into the original cae ce prene 


The most common mixing device presently used is the silicon diode which 
is diagrammed in Figure 17-20. A tungsten cat whisker pressing against 
a bit of silicon has the property of a rectifier, passing current predgmi- 
nantly in one direction only. Since a rectifier is electrically a non-linear 
device, heterodyning takes place and the difference between the RF signal 
and the local oscillator signal is used as the IF signal. . 


The use of a crystal at microwave ieegnoacies is desirable only because 
of the large noise signals generated by vacuum tubes. The crystal also 
generates noise, but its signal to noise ratio is far superior to that of the 
best vacuum tubes developed so far. Two series of crystals are common- 
ly used in the frequency ranges at which we operate. The 1N21 series is 
designated for an operating frequency of 3,000 mc while the 1N23 series 
is designed for the 10,000 mc range. The conversion loss of the crystals 
in these two series varies from 5-1/2 to 10 db, while the relative noise 
output varies from 1-1/2 to 4. 


A practical form of first detector(or mixer)is indicated in Figure 17-21. 
The crystal is placed in the end of the waveguide in the same fashion that 
a probe would be placed and acts to terminate the waveguide and absorb 
the power which has been transmitted along the guide. Since the crystal 
with its associated filter ear cuEte is not as high an impedance asa probe, 
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| itis not mounted in the exact center of the broad side of the waveguide, 
‘but is offset to provide:a better impedance match. It is placed one quar- | 
ter wave length from. a end of the guide, however, in the same fashion 
as- the. ‘probe. Pe eg & | 


“The crystal, mount. consists. of a collar in which the large end of the 
-erystal,is firmly seated and held in place with a screw cap to give firm | 
electrical contact between the silicon element of the crystal detector and 
the waveguide. The tip.of the crystal which is connected to the cat 
whisker inserts in-a.small jack arrangement on the opposite side of the 
waveguide. ‘This jack is.mounted.on a polystyrene ring which serves to 
-insulate the crystal. output from the waveguide section. The polystyrene 
-ring.is mounted in a brass ring and has an inner brass ring. which, with 
the outer ring, acts as:an output by pass filter. The two rings with the 
polystyrene dielectric. function:as a capacitor electrically one quarter 
wave in length for. the radio frequency signal. This entire arrangement 
-causes the crystal holder-to. appear as a broadly tuned series resonant 
.filter.which.effectively removes the RF signal and leaves the IF signal 


- -which is then fed into the: first IF amplifier. 


‘The radio frequency eae passed down the waveguide from the receiving 
filter is.at very low level, having sustained the path loss from the pre- 
ceding. station. As previously pointed out, the input filter prevents energy 
from the associated transmitter reaching the detector and causing damage 
.to sthe crystal. The level:at the crystal is thus kept low at all times since 
.crystals of this: eS are prone. to burn out if subjected to a high voltage. 


Adjustable. capacitive stubs are also provided in the waveguide section. to 
‘match the crystal impedance to the waveguide impedance and prevent 
standing waves. The stubs are adjusted for minimum power reflected 
from: the crystal at the operating frequency and are locked in position. 


| The: heterodyning frequency . of. the oscillator is introduced into the wave- 
guide by. means of a coaxial type probe. This is located effectively a 
quarter. wave length. fromthe short circuit provided by the input filter, 


" at the oscillator frequency, and is made adjustable so that the amount of. 


injection voltage can be controlled. ‘No tuning stubs.are provided and no 


_.attémpt.is made to match the waveguide at the oscillator frequency since 


the level is high enouey! so. that any losses due to mismatch are easily 
-overcome. | 


| - Since energy from diver input what) and from the local oscillator are both 
dis sipated.in the crystal, the usual modulation products will be developed 
and the difference frequency product is retained while the radio frequency 
_products.are prevented from leaving by the bypass circuit which forms a 
| Se of. the crystal mounting. ) 
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Another form of waveguide mixer or detector is shown in Figure 17-22. — 
This. arrangement makes: use of a waveguide hybrid and operates electri- 
cally .in a fashion similar.to.a balanced modulator (or balanced mixer) 
used at the lower frequencies and. shown. schematically in Figure 17- 226. 


te will be seen: from an. examination of Figure 17-22A that energy entering | 
the waveguide Section D will be polarized to pass through the T junction 
into Sections :A:and.B. Sections A and B are terminated with crystals 

| as previously explained in the case of the single crystal detector. 


: Energy entering the. waveguide. from. Section C will likewise be polarized 


to-enter Séctions A-and B and likewise be dissipated in the crystals. 
There will be no energy transfer between Sections C and D due to their 
difference in polenieaitens: 


The difference. between: the: frequencies introduced into the waveguide 
Sections C and D is taken:from the crystal detectors in the same fashion 
as in the case of the single:.crystal detector previously described. In 
the practical application:of ‘this type.of mixer reactive stubs are provasce 
in the ''T"' junctions to provide proper crystal-to-waveguide ‘matching. 
Also, filters are provided in the output leads from the crystals to remove 

all radio frequency.components and leave only the IF component which is. 
passed directly to the IF: preamplifier. | 


The preceding discussion has. been on the basis that both units deveribed 
would be-used as mixers. for demodulation. Actually it is possible to 
apply IF frequency.to the..crystals: along with local oscillator to the wave- 
guide and develop a modulated output by following the reverse reasoning 
to that employed above. . ‘Unfortunately the power handling capabilities 
of crystals-of this. type are limited and such a modulator would provide 
_a-very.low- output and would therefore. require some form of microwave 
amplifier following it if any appreciable amount of. Boney were to be 
applied to an. antenna. 


In-most cases-.of crystal: thixer Soise atone a direct current meter is 
placed in the IF crystal.lead to read the rectified DC component of the 
IF signal. This permits:a*-means of controlling the local oscillator 
level by adjusting the injection until a direct current reading is obtained 
which corresponds with the most efficient mixing level. The actual value 
of:crystal current is-determined by the design of the specific equipment 
and: may: fall-in the. range” ‘of: 0. 5 to 2.0 mil iiotaperes: 


Microwave. Triodes and Am lifiers. 

Amplifiers for use at superhigh- frequencies (3, 000 to. ‘lo, 000 mc) present 

a number of special problems that require rather fundamental design 
differences: Chief of these perhaps is the fact that the transit time of. the 
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electrons in the amplifier tubes becomes a matter of major importance 
at these extremely high frequencies. The adverse effects of transit 
time likely to be encountered in ordinary vacuum tubes can be overcome 
by the use of tubes of the klystron type. These tubes, however, are 
rather difficult to maintain. Furthermore, present designs of klystrons 
do not permit the use of more than a limited number of klystron ampli- 


fiers in tandem without cumulative noise and distortion becoming exces- 
sive. 
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Fig. 17-23(A) Microwave T riode Fig. 17-23(B) 
For application in very long radio relay systeins requiring dozens of 
amplifiers in tandem, accordingly, a special tube (W.E. 416) was devel- 
oped by Bell Telephone Laboratories. Because of the wide band of fre- 


j 


quencies to be handled {at ieast <0 mc) this tube had to have very high 
transconductance. To overcome transit time limitations, the elements 
or electrodes of the tube also had to have extremely close spacing. 
Fortunately, these two requirements are compatible. The 416 tube is 


a triode of the so-called planar type, in which the elements are:in 


17. 47 


xe Ae enna Anann Nein sain teihsnainatinine stittitennn 


CHAPTER 17 MICROWAVE RADIO SYSTEMS - GENERAL 


parallel planes, with the grid grounded to the frame of the structure. A 
perspective drawing (greatly enlarged) of the elements of the tube is 
shown in Figure 17-23. The oxide coating of the cathode is .0005" thick. 
The cathode-grid spacing is .0006"". The grid wires are spaced a thou- 
sand to the inch and are .0003'' in diameter. The plate-grid spacing is 
.012"'". The large number of very fine wires employed in the grid struc- 
ture provides a close approach to a uniform electrostatic shield between 
cathode and plate, without interfering with the free flow of electrons. 
The transconductance of:-the tube is in the order of 50,000 pmhos, the 
amplification factor is about 350, and the output resistance 7,000 ohms. 


This triode always operates in a grounded grid circuit arrangement, 
where the input is applied: between the cathode and ground and the output 
impedance is between the plate and ground. This automatically eliminates 
coupling between the output and input circuits through the inter-electrode 
capacitances of the tube, a feature that is especially useful at very high 
frequencies where neutralization of internal capacitance coupling by con- 
ventional methods is difficult. The possible gain, however, is less than 
that of the more usual grounded cathode arrangement because of the 
negative feedback inherent in the fact that the cathode to ground input cir- 
cuit is included in the plate current path. 
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Figure 17-24 shows one of these tubes connected in a waveguide "circuit. "’ 
The input waveguide is coupled through an iris to an input cavity which 
may be tuned to resonance by a trimming screw across the opening. The 
grid separates the input cavity from .a second resonant cavity of the plate 
Or Output circuit. This cavity transforms the plate impedance of the tube 
to a very low resistance (a fraction of an ohm). A quarter-wavelength 
coaxial line, which can be adjusted vertically to tune the output cavity, 
matches this low impedance to the impedance (about 45 ohms) of a short 
coaxial line leading to the transducer probe which extends into the output 
waveguide. Three tubes of this type are used in the transmitter ampli- 
fiers of the TD-2 microwave radio relay system. The three stages of __ 
the amplifier, which is illustrated in the accompanying photograph, are 
connected in cascade through waveguide tuners that effectively form 
double-tuned critically coupled transformers. The overall gain of the 
amplifier is normally adjusted to 18 db with an output power of 0.5 watt, 
although a somewhat higher gain is possible. The overall transmission 
characteristic is flat over about 20 mc between points 0.1 dbdown. As 
the output power of the close-spaced triode is increased, its maximum 
possible gain decreases. Accordingly, the gains of the three stages of 
the amplifier are not alike. The first stage has an output of about 80 
milliwatts and a gain of about 9 db. The second stage output is about .25 
watt with a gain of about 6 db, and the third stage output is about 0.5 watt 
with a ea of about 3 db. 


Klystrons 
A cavity type vacuum tube frequently used for microwave operation is 


known as the Klystron or the velocity-modulated tube and is shown sche- 
matically in Figure 17-25A. Two resonant cavities are placed longi- 
tudinally between a cathode and plate. These cavities have apertures or 
so called "grids" in their top and bottom surfaces, in line with the cathode 
and plate. The tube is usually operated with the plate grounded and a 
relatively high negative voltage applied to the cathode thus producing a 
stream of relatively high velocity electrons moving from cathode to plate. 
The entire assembly is contained within an evacuated envelope with suit- 
able glass-to-metal seals at the surfaces of the resonant cavities. 


An emission builds up between the cathode and plate, there will be a ran- 
dom variation in the cathode current over a wide range of frequencies and 
it is conceivable that some electrons will pass through the first Cavity at. 
the resonant frequency of the cavity. This will produce an oscillation in 
the cavity that will be sustained for several cycles. Let us assume that 
at a particular instant the cavity oscillation has made the side towards 
the plate positive and the side towards the cathode negative. The elec- 
trons leaving the cavity will be slowed down somewhat and attracted © 
toward the positive surface. Electrons entering and passing through the 
cavity will likewise be speeded up and attracted by the positive side of 
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the cavity and a concentration, or bunch, of electrons will result. For 
this reason the first cavity is often referred to as the buncher and its 
surfaces as the buncher grids. As the bunch of electrons move toward > 
the plate the polarity of the cavity reverses during the second half cycle 
of its oscillation. This again will produce a bunch of electrons near the 
cavity's surface next to the cathode. 


As seciliaton, continues in the. buncher cavity, a series of bunches of 
electrons will move down the tube, from cathode to plate, having a spacing 
determined by the resonant frequency of the buncher cavity... As these | 
bunches strike the grids. of the second resonant cavity they will give up 
their energy and produce and sustain an oscillation in the second or | 
collector cavity. The electrons will then pass on and be collected by the 
plate as shown in Bene 17-25B. ye 7 


If the collector or output cavity is now coupled to the buncher cavity with 
a section of coaxial cable,,. as indicated in Figure 17-25C, an oscillator 
will be produced since some of the energy given up in the output cavity 
will be returned to the buncher cavity in the proper phase relation to sus- 
tain oscillation. It is also possible to use this type of tube as an amplifier 
if energy is introduced into the buncher cavity and taken from the output 
cavity. 


The resonant cavities themselves are usually arranged with some form of 
tuning device either in the form of slugs or compression devices which 
will change the physical spacing between the top and bottom surfaces of 
the cavities. Such cavities are usually rather broad in their frequency 
response and where a highly stable oscillator is desired an arrangement | 
is used similar to that depicted in ic ce 17- ee 

_In this case the feedback loop has, in series with it, an invar cavity which 
can be made to have a very sharp frequency response and which retains a 
relatively constant physical size with wide changes in temperature. The 
amount of energy fed back is small in the case of most tubes of this type, 
and therefore that a Q of a very high value can be obtained. 


Klystrons, currently being used, can develop an output power of as much 
as 3 watts at 6,000 megacycles with comparatively low plate voltages and 
with modest physical size. It is customary to manufacture tubes of this 
type with mica windows in the cavities so that direct connection to wave- 
guide can be made. These windows retain the internal vacuum without 
obstructing the flow of electrons and are made of a size to provide the. 
proper impedance match to standard waveguides. A rough sketch of a 
commercial type tube is shown in Figure 17-25E. oe 
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In order to dissipate the heat produced by the plate current, the plate is | 
usually made of a heavy solid piece of metal with radiating fins. The two 
cavities are closely spaced and terminated with flanges for waveguide 
connection. A heavy metal plate is provided with adjusting screws which 
can be used to deform the cavities and thus change their resonant fre- 
quency. These plates may be provided on top and bottom or on only one 
side. Emission is from a rather heavy cathode and the stream of elec- 
trons leaving the cathode are focused and directed through the grids of 
the cavities by beam forming plates which also act as accelerators. 
Power connections for the heater, cathode, and beam forming praiee is 
usually made through an octal base of conventional type. 


An application of the klystron developed by the Sperry Company and used 
in some of our equipments is called the synchrodyne mixer. In this 
application radio frequency is applied to the first cavity as shown in 
Figure 17-25F, and output is taken from the second cavity. This is the 
same arrangement that would be used for a klystron amplifier. Energy 
is then applied in series with the cathode at the intermediate frequency. 
This IF voltage will vary the plate-to-cathode potential of the klystron at 
the intermediate frequency rate and will therefore change the accelerating 
voltage on the bunches of electrons leaving the first cavity. This results 
in a form of phase modulation of the electron stream and by properly 

- proportioning the potentials the modulation products are confined to the 
first sideband. The second cavity is then tuned to the frequency of either 
the upper or lower sideband as desired and used to feed the antenna. A 
means is thus provided for shifting from IF to RF frequency while per- 
mitting a high degree of oscillator stability since the oscillator loading is 
maintained at a constant value. 


If the second cavity is removed from the klystron and the first cavity is 
made positive with respect to the cathode, electrons can be made to pass 
through the cavity at relatively high velocity and they will be bunched as 
before. If the plate is then connected to a negative voltage the bunches of 
electrons leaving the cavity will be repelled and returned toward the cavity | 
and the positive potential. If the spacing between the cavity and the nega- 
tive plate is properly chosen and the potential on the negative plate is 
properly selected the bunches of electrons returned to the cavity will be 
in phase with the original energy producing the bunches and sustained 
oscillation will result. Such a tube is known as a reflex klystron and is 
commonly used in microwave systems and microwave test gear. The 

"plate'' of a reflex klystron is commonly known as a repeller or reflector. 
(Figure 17- 20B) 


The frequency of oscillation of a given tube can be varied over a consi-_ 
derable range by deforming the cavity to change its resonant frequency. 
This is illustrated in the view of a reflex klystron sketched in Figure 
17-26A. By expanding or compressing the bow shown at the right of the 
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last ten years have led to favorable chemical compositions and manufac- 
turing procedures which permit materials with high permeability and low 
core losses. 


Manufacture of the ferrites consists of mixing the raw materials, mostly 
paint pigments, so thoroughly that chemical combination progresses 
readily when the mixture is heated to firing temperatures. The mixture 
is poured into forms and compressed in a hydraulic press before firing. 
This insures that the final body will be chemically reacted and bonded 

into a ceramic solid. Since the ferrites are too hard to be cut with steel 
tools after firing, core designs are made simple; of a form easily pressed 
in economical dies; and such as to require minimum subsequent grinding. 
The ferrites used for microwave application are of a non-permanent mag- 
net type and are used as the cores of electromagnets in which the magnetic 
field can be controlled by the amount of current passed through the wind- 
ing about the core. 


It can be shown that when a magnetic field is properly oriented with respect 
to a radio wave the polarization of the wave can be rotated. By placing a 
piece of ferrite in a waveguide it is possible to rotate the plane of polari- 
zation as the electromagnetic wave presses the ferrite. By controlling 

the magnetic field of the ferrite with the DC current through the energi- 
zing coil the amount of rotation of the polarization of the wave can be | 
controlled. ae 


One of the first applications of a ferrite to a waveguide has been called an 
isolator. In Figure 17-27A a linearly polarized wave is coupled into a 
circular pipe containing a piece of ferrite magnetized along the axis'of . 
the pipe, forming the isolator. At the other end of the circular guide is- 
a second section of rectangular guide which is rotated 45° with respect 

to the first section of guide. By a suitable choice of ferrite dimensions, 
and applied field, the wave travelling from left to right.is rotated 45° and 
so travels freely through the rectangular section of waveguide at the right 
hand end. A wave entering from the right hand end will also be rotated 
45° and will arrive at the left hand end polarized at 90° to the rectangular 
waveguide so that it cannot be received. A polarized absorbing vane is 
placed at the end of the circular section to absorb this polarization 
selectively. Therefore, a wave entering the structure at the right and 
travelling from right to left is totally absorbed by the polarized absorber 
and is not transmitted. The result is a one-way transmission device. 


A. variation of this device has been called a circulator. By coupling addi- 
tional rectangular waveguides to the circular section as shown in Figure 
17-27B the polarization previously absorbed by the resistive vane can be 
taken out. Now it will be seen that a wave entering at Ais rotated through 
45° so as to emerge at B. A wave entering at B is further rotated and 
emerges at C. Likewise, C couples to Dand Dto A. One can place a 
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transmitter at A, an antenna at B, a load at D, and a receiver at C, and 
simultaneously receive and transmit on the same antenna with crosstalk 
limited only by the degree to which the antenna is reflectionless. The 
load at D serves the purpose of absorbing any power which may be re- 
flected from the receiver at Terminal C. 


A form of modulator can be devised, using the isolator of Figure 17-27A, 
by varying the field from the previously assumed value through zero to an 
equal value in the opposite direction. This variation of the field in the 
ferrite will produce a rotation which will vary from +45° to -45° and the 
transmitted power will vary from 100% to zero. In actual practice the . 
minimum transmitted power is down about 50 db (0.001%). Here then is 
an electrically controlled attenuator which becomes a modulator if the 
field is varied at the modulation rate. This permits amplitude modula- 
tion, without frequency modulation, from such tubes as Klystrons which 
have not previously been useful for other than frequency modulated outputs. 
Many other applications of ferrites to microwave transmission are possi- 
ble and have been tried, however, the above will serve to illustrate the 
basic principles concerned. 


Travelling Wave Tubes 


In Figure 17-28A the solid lines are assumed to represent the lines of 
electric field in a wave travelling from left to right. The wave is travel- 
ling in an undefined cylindrical space at a velocity of propagation that is 
less than the velocity of light by ten or twenty times. The method by 
which the velocity of the wave has been slowed down in immaterial at the 
moment. Through the center of the cylinder, represented by the dotted 
area in Figure 17-28A, is assumed to be flowing a stream of electrons. 
The electrons are travelling at the same velocity as the wave. 


Initially the electrons flowing through the field will be evenly distributed 
as in Figure 17-28A. However, some of the electrons as ata. in Figure 
17-28A are in retarding fields while others, as at b., are in accellerating 
fields. As a result the electrons will be speeded up or slowed down and 
tend to congregate in alternate regions of zero longitudinal electric field 
as shown in Figure 17-28B. The average velocity has not been changed 
because as many electrons were slowed as were speeded up. Therefore, 
once this bunched condition has been achieved no further changes will 

take place and the beam and the wave will travel together in this come 
uration. 


If now the electron beam is speeded up or slowed down a little the bunches 
can be changed in phase relative to the wave so that they will always lie | 
in either a retarding or an accellerating field. If the bunches always lie 
in a retarding field they will be continually losing energy and this energy 
is given to the wave. The result is an increase in the wave ee aa and 
the device which results is actually an amplifier. 
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If the electron beam is faster than the wave the electrons will be moving © 
past the wave from left to right in Figure 17-28A at a slow rate.. As the 
electrons move through the wave pattern they are alternately eneeted and 
slowed by the electric field. In the regions a. in Figure 17-28A they 
move more slowly. In the regions b. they are speeded up and move 
rapidly. The electrons are thus’ bunched in the regions of slowest motion 
or at every point of retarding field. The electrons will, therefore, spend 
a long time in the regions of retarding field and a comparatively short 
time in the regions of accellerating field. For this reason more energy 
is lost to the wave than is gained back. The wave is continually. growing 
in amplitude and the beam is being continually slowed. An amplifier 

that operates in this fashion is called a travelling wave amplifier. 


To build a practical amplifier it is necessary to find a way of slowing a 
wave to a velocity that can be approximately matched by an electron | 
stream. One way of doing this is shown in Figure 17-28C. A straight. 
conductor is coiled to form a helix and placed inside a waveguide. Form- 
ing the helix does not alter the distributed capacitance particularly but 
does increase the inductance of the conductor. This is equivalent to 
loading on a voice frequency conductor and increases the phase constant. 
The phase velocity for the line is, therefore, reduced and can be reduced © 
by any amount merely by winding a tighter coil. Besides being slowed the 
wave field in the waveguide is modified and there are fields both inside | 
-, and outside the helix. The field inside is very similar to that shown in 
Figure 17-28A. | | : 


To make a complete amplifier tube an electron beam is provided down the 
center of the guide and a means for applying and removing energy from. 
the ends of the interaction space as shown in Figure 17-28D. Ina tube of 
this type there will generally be a reflected wave from the helix in the in- 
put and another reflected wave from the output guide on the helix. The. 
first reflection, if kept.small, will do no particular harm but the second 
wave which is travelling backwards along the helix can cause the tube to 
oscillate if sufficient precautions are not taken. 


Assume that the voltage gain of the tube is 100 times and that 10% of the 
field is reflected back from the output waveguide. If we assume that the 
helix is essentially lossless we will have the full amount of the reflected 
power transmitted back to the input end of the tube. There will be no- 
appreciable interaction with the electron stream because the beam and 
wave are travelling in opposite directions and any effect of one on the 
other will average out. At the input end of the tube the wave is again re- 
flected and let us assume that 10% is the amount effectively reflected. 1% © 
of the output wave is thus now travelling down the tube in the proper direc- 
tion for amplification but 1% of the output is just equal to the input if the 
gain is (100.. It is apparent that this is sufficient to produce Orie ene 
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This effect is madeuse ofin the backward wave oscillator. To avoid — 
oscillation ina practical tube a combination of low per ecron and lossy 
line me be Mee 


if we refer to ereane 17-28B we see that the bunched electrons are in 
regions where there is a weak field tending to spread the beam sidewise. 
Also the electrons in the beam repel one another. If suitable action is 

not taken the beam will eventually be drawn out to the sides of the wave- 
guide. To avoid such an occurance in a practical tube focusing action is 
utilized. This can be done by providing a longitudinal magnetic field of 
constant magnitude as shown in Figure 17-28D. The field is along the . 
direction of the electron or current flow. As the beam tends to spread 

a flow of electrons (or of current) will be crossing the magnetic field. 

The lateral force of the magnetic field will, however, cause the electrons _ 
to be forced back into the beam thus counteracting the effect of the electric 
field. This is the same action that occurs in a motor when a current- 
bearing conductor is placed ina magnetic field. 


A second form of travelling wave tube is the double-stream amplifier. In 
the travelling wave tube a special transmission line that would pass an — 
electromagnetic wave was required. This line was such that the electro- — 
magnetic wave was approximately matched in velocity to the velocity of a 
stream of electrons. It is possible to replace this waveguiding structure 
with another electron stream. 


In Figure 17-28E is shown a stream of electrons from an electron gun 
directed into a field free region. This stream of electrons has been den- 
sity modulated. In examining the field along the axis of the beam it will 
be seen that the electric field variation is the same as that in Figure 17-28B. 


The arrows in Figure 17-28E show the direction of the electric field. Thus | 


a wave is travelling with the beam and at the same velocity as the beam. 

If a second beam is projected down the same space it might be reasonably 
expected that somewhat the same action would take place as in the travel- 
ling wave tube just described. Actually such action does take place, how- 
ever, the actual action is much more complex than the simple analogy 
just used. The basic components of a simple two-beam amplifier are 
shown in Figure 17-28F. The two electron guns provide beams of differ- 
ing velocities. An input helix is used for coupling to the beam and an _ 
output helix is used for coupling from the beam. These two helices act as 
short travelling wave tubes, however, they serve primarily for coupling 
and contribute very little to the overall gain of the tube. The main ampli-— 
fication takes place in the space between the two helices. The double-beam 
tube eliminates the need for a waveguide structure and reduces the elec- _ 
tron tube amplifier to its bare essentials:'a vacuum envelope and a stream 
of electrons. 
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Both the travelling wave tube and the double-beam tube can be constructed 
to operate over a wide band of frequencies, since the interaction space in 
which the gain is realized is essentially a transmission line and the waves 
on this line can exist over large frequency ranges. The power gain ina 
typical travelling wave tube is 10,000 and the bandwidth is 600 mc centered 
at about 3,000 mc. Thus the product of gain and bandwidth is greater than 
any of the other existing microwave amplifiers. The efficiency of present 
travelling wave tubes, however, is only in the order of 10 to 15 percent. 


17,11 ANTENNAS 


The effectiveness of a transmitting antenna is measured by its ability to 
convert a maximum amount of the power developed by a radio transmitter 
into radiant energy in the form of electro-magnetic waves, which will be 
transmitted in such a direction as to produce maximum field strength at 

the receiver. In point-to-point transmission, and to some extent in broad- 
cast transmission, the factor of major importance is usually the degree of 
directivity or antenna gain that can be secured. Transmitting and receiving 
antennas are sometimes alike but there are many situations where economic 
considerations and other factors require quite different designs for the two 
conditions. 


There are many different antenna designs and arrangements in practical use 
in radio work. The various designs may be grouped into a limited number 
of major types, however, in which the controlling design factors are the 
frequency range in which the antenna is to operate and the degree of directi- 
vity desired. In general, antenna effectiveness can be more economically 
increased as the frequency of the radio wave is increased. 


Transmitting antennas for medium radio frequencies quite commonly employ 
a simple vertical radiator which may consist of a single wire or a slender 
steel tower. Such radiators are tuned.to resonance for the carrier frequency 
to be transmitted by making their total height equal to an appropriate frac- 
tion of the carrier wavelength; or, if the wavelength is too long to make this 
practicable, by adding lumped reactance in series with the radiator at its 

top (capacitive) or base (inductive). In either case,. the antenna when ener- 
gized at its resonant frequency, behaves like a resonant transmission line 
with a standing wave of current extending along the conductor. 


The typical radio broadcast antenna is a steel tower slightly more than one-- 
half wavelength in ene and Seeryery grounded at its base where the 
energy is applied. 


For radio transmission in the very high and ultrahigh- frequency ranges, 


the basic form of antenna is a half- -wavelength resonant wire commonly 
paws as a half-wave dipole. . 
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Radiation of electromagnetic energy in the super-high frequency range 
involves principles and methods that are analogous to, if not identical 
with, those of light transmission. Antennas used at these frequencies . 
may be grouped under the general designation of aperture radiators. 
Their basic function is to transform the spherical wavefront, which is _ 
normally developed from a point source of radiation, to a plane wavefront. 
To the extent that this is accomplished, the radiated energy may be pro- 

- jected in.a very narrow beam in the desired direction. In microwave | 
practice, antenna gains in the order of 30 to 40 db are commonly obtained. 


‘One method of éitsiniae-. a diveetive plane wavefront employs the optical 
technique of a parabolic reflector comparable to that of the ordinary 
searchlight. The geometrical characteristics of the parabola are such 
‘that waves emanating from a point source at the focus will be reflected 
in parallel straight lines: that will all reach the plane of the mouth of the 
parabola at the same time. If, as illustrated in Figure 17-29, an auxi- 
liary reflecting surface:is placed in front of the energy source to prevent 
any direct radiation, all of the energy will be reflected from the para- 
‘boloid and will appear'as a plane wave across its mouth. Since, as has 
already been pointed out, electromagnetic energy can escape directly 
from the open end of a waveguide, the same effect can be produced by. 
means of a waveguide leading to the focal point of the parabola with its 
open end turned back to direct escaping energy toward the reflecting . 
surface, as illustrated in Figure 17-30. A plane wavefront across an 
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aperture. may also. be iikelnhel by simply flaring out the end of a ieueea ide 
to. form a long horn in which the fields in the guide can expand gradually to 
produce a uniform field.across the mouth of the horn. To accomplish this 
result, however, the flare angle of the horn must be small and an aperture 
comparable in size to that of the parabolic reflector could only be reached 
with a horn that would be too long to be practicable. In the major Bell 

nye radio poy, ae (TD-2), this difficulty is overcome Py using 
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a comparatively short horn having a high flare-angle but with a "lens" 
across its mouth that acts like an optical lens to produce a plane wave- 
front. This arrangement, known as a delay lens antenna, is illustrated 
in Figure 17-31. As indicated there, the lens cross-section is of plano- 
convex form and is placed at the mouth of a pyramid-shaped horn ina 
housing 10 feet square and 3 feet deep. The effect of the lens is much 
the same as that of a plano-convex lens on the transmission of light. 


| Plane Wave Front 
/ Lens Housing . 


Pyramid Shaped Horn 
@ 


Waveguide Connection 


Spherical 
_ Wave Front 


Fig. 17-31 - Delay Lens Antenna 


Superhigh-frequency radio waves coming from the waveguide connected to 
the rear of the horn diverge, as indicated by the arrowed broken lines, to 
form a spherical wavefront. When they.reach the lens, however, the 
velocity of the rays near the center is decreased enough by the thicker lens 
structure at that point to cause delay equal to the time required for the 
cuter rays to traverse their geometrically longer path. All of the rays 
ac€ordingly reach the front of the lens at the same time and proceed in the 
parallel paths of a plane wavefront. The entire lens is tilted back slightly, 
as shown in the Figure. This is done to prevent any energy that might be 
reflected from the face of the lens from being focused back to the wave- 
guide outlet. This lens, although its action is very similar to that ofa 
glass lens, is actually made up of a very large number of narrow alumi- 
num strips held in place by slabs of foamed polystyrene. The effect of 
these metal strips is essentially the same as that of the molecules of a 
glass lens in retarding light waves. 
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To relieve congestion in the 4,000 megacycle band, development work has 
progressed on a 6,000 megacycle microwave system and consideration is 
also being given to operation in the 11,000 megacycle band. To further 
relieve congestion it is desirable to use cross-polarization of the signals 
on adjacent channels, i.e. placing the electric vectors of the fields of 
adjacent channels at right angles. To derive all these benefits the horn 
reflector type of antenna has been developed and is now being used on all 
new microwave installations. 


The horn reflector antenna, coded KS-15676, is capable of simultaneously 
transmitting horizontally and vertically polarized signals in the 4, 000, - 
6,000 and 11,000 megacycle common carrier bands with good transmission 
characteristics. Basically, the antenna is very simple and consists ofa 
large horn feeding a section of a parabolic reflector. Although having a 
smaller aperture the gain at 4,000 megacycles is approximately the same 
as that of the delay lens antenna previously discussed. The general 
physical arrangement of the antenna is indicated in Figure 17-32. 


Circular copper waveguide will be used with the horn reflector antenna to _ 
permit transmitting simultaneously signals of both polarizations in the 
three frequency bands. In addition to handling this entire range of fre- 
quencies and polarizations the circular waveguide has a lower transmis- 
sion loss than the rectangular guide previously used. At 4,000 megacycles 
the loss is approximately one-half that of a rectangular guide. 


It is possible to use a flat, smooth surface to redirect a beam of micro- 
wave energy in the same fashion that a mirror might be used to redirect 
a beam of light. An antenna can be placed on the ground, aimed to radi- 
ate vertically, and the radiation redirected horizontally by means of such 
a reflector. The reflector may be mounted on a tower or other antenna 
supporting structure instead of the conventional antenna. This arrange- 
ment eliminates the cost of waveguide as well as the loss of the waveguide 
which would be required up the tower and permits placing the antenna close 
to the transmitter. Thus when a modulated oscillator, such as a reflex 
Klystron, is used non-linearities due to oscillator loading are kept ata 
minimum. : 


In Figure 17-33 is shown a reflector mounted at an angle of 459. The re- 
flector is assumed to be plane, with an elliptical shape, such that when 
placed at 45° to the vertical the projected reflector area is circular, both 
horizontally and vertically. The diameter of the projected circle is aR. 
An antenna is placed below the reflector having a diameter of 2A. This 
antenna is assumed to have an aperture field which is plane, circular 
Symmetric, with maximum field at the center. The incoming energy is 
assumed to be a uniform plane wave of value Eo. If the reflector inter- 
cepts this uniform plane wave, the diffracted wave behaves as would light 
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that had passed through an aperture in a perfectly absorbing screen. The 
area of the aperture would be equal to the projected area of the reflector. 
This results in what is known as Fresnel diffraction and the aperture field 
is divided into Fresnel zones. The distribution of the field intensity over 
the antenna aperture will be circularly symmetric but will vary along any 
radial from the center of the antenna to the edge. Also there will be a 
variation in the cross sectional distribution of field intensity with distance 
_ between the reflector and the antenna. Due to this focusing effect, under 
the reflector, the energy received by an antenna at ground level may be 
more than the energy which would be received by the same antenna were 
it mounted in place of the reflector. Practical gains of about 2-1/2 db- 
are quite feasible with reasonable reflector and antenna sizes and reason- 
able spacing between the antenna and the reflector. The reflector size 
must, of course, be kept large in relation to the antenna size to assure 
that as large an area of the wave front will be intercepted and reflected to 
the antenna as would have been intercepted by the antenna had it been 
located in the direct beam, instead of the reflector. 
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18. 1 INTRODUCTION 


Radio systems as used in intertoll plant are a type of line facility. They 
serve as an alternative to physical lines such as open wire, cable pairs, 

or coaxial tubes. Like coaxial tubes, radio systems are one-way facilities. 
Therefore, twin systems must be used to accomplish transmission in both 
directions. 


Several types of microwave equipments have been used in providing Bell 
System radio relay service. The original Long Lines installation for toll | 
use was between New York and Boston and used what was then coded the 
IDX equipment. This system operated in the 3, 700-4,200 megacycle 
frequency band and provided wide band communication channels suitable 
for television or multi-channel telephone service. From experience with 
this system the TD-2 system was developed and this now forms the back- 
bone of our present coast-to-coast radio relay network. 


Under our present radio system coding the 'TD" designation indicates a 
super high frequency, broadband, relay system. The TD-2 system is a 
highly refined transmission facility which can accommodate an ultimate 

of 24 channels although only 12 channels are currently being used. Each 
channel has sufficient bandwidth to accommodate a full L carrier terminal 
or a 4.5 megacycle television signal without undue distortion. 


The new system, TD-3 is a solid state, long haul system designed for new 
routes and to supplement TD-2 on existing routes. TD-3 operates in the 
same frequency range as TD-2, however, it can accommodate 24 channels 
each consisting of two L-Carrier terminals. 


Another system operating in the 4,000 megacycle frequency range has been 
used for short haul radio relay, although primarily intended for single link 
pickup service. This was coded the 'TE'! system which signifies a super 
high frequency, one-way, television link. The TE equipment was designed 
for television transmission only and was much simpler and much less 

costly than TD-2 equipment. The equipment is no longer being manufactured 
but many units are still in service. 


A major disadvantage of TE equipment for radio relay was that the signal 
was converted from radio frequency to video frequency and back to radio 
frequency at each repeater point. In other words, it was a series of 
circuits connected in tandem rather than a continuous circuit and resulted 
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in considerable signal distortion. Similar types of equipment have been 
manufactured by RCA and by Motorola and are used by many of the operating 
companies. 


A short haul system designed solely for television transmission which avoids 
the difficulty of translating the signal to and from video frequency at each 
repeater point is manufactured by the Philco Corporation and has been used by 
Long Lines and some of the operating companies. This system is coded the 
"TLR-2A" in its fixed station form and the 'TLR-2B" in portable form and 
operates in the 5925-6425 megacycle band. 


None of these Sees have the reliability or freedom from distortion that the 
TD-2 system enjoys but do provide an economical means of obtaining relatively 
satisfactory transmission over moderate distances. Asa result these systems 
are used for ''side-leg'' feeds to isolated stations from main TD-<d routes and 
for shorter circuits such as studio-to-transmiiter links or for service be- 
tween remote pickup points and the customer's studio or transmitter. 


One other type of microwave system has been used by the Long Lines Department 
and is also manufactured by Philco. It is coded the CLR-6 system and was 
designed for light route telephone service. It provides a single channel having 

a bandwidth of approximately 300 kc and operates in the 6,000 megacycle fre- 
quency range. By using Philco's multiplexing equipment, which is coded 
"CMT-4'', 24 telephone channels of standard bandwidth can be provided. The 
CMT -4 equipment does its multiplexing with a system of pulse modulation. In 
some Long Lines applications the multiplexing has been accomplished on a 
frequency division basis using type ON carrier terminal equipment. | 


All these systems have certain things in common. First, a means is provided 
for translating the audio or video signal frequencies to the radio frequency 
range selected for transmission. The radio frequencies are either generated 
in, Or amplified by, a transmitter which applies them to an antenna having 
directed radiation characteristics. One or more repeaters are then eeaproyee 
depending upon the total length of the transmission path. 


A repeater consists of an incoming directive antenna; a receiver which con- 
verts the radio signal to an intermediate frequency or to video frequency; a 
transmitter to convert back to radio frequency; and an outgoing directive 
antenna. At the receiving terminal the receiving antenna and radio receiver 
are followed by suitable terminal equipment to make the necessary translation 
between the radio system and oe ultimate wire plant destination of the cir- 
cuit. | 


Since all of the systems discussed have power outputs in the range of 0.3 .to 
1.0 watt, and antenna systems of comparable gain, the repeater spacings are 
generally the same - averaging 25 to 30 miles with an occasional spacing of 
-as much as 50 miles where suitable heights of antenna can be obtained to © 
compensate for the earth's curvature. 


18.2 


€ ST 


Wy, 


_| MODULATED | ae 
| OSCULAT OR : ey .—? 


Fig. 18-1 Simple Microwave Transmitting Terminal 


SIA LSAS OIGVU - GL 8t WHLdAVHO 


| PILTER 


FREQUENCY 
SHIFTER 


TF 


| FM TRANS, | 
—| AMPLIFIER | 


Pt oR 
| DEVIATOR | 


IN 


FILTER 


Figure 18-2 Multi-link Microwave Transmitting Terminal 


ANT. 


ai 81 YH Ld VHD 


SNALSAS OLIGVa - 


CHAPTER 18 TD- RADIO SYSTEMS 


18.2 MAJOR ELEMENTS OF A MICROWAVE SYSTEM 
Microwave Transmitting Terminal 


Present microwave transmitters operate with frequency modulation. One 

of the simplest forms of such a transmitter is shown in block diagram form 
in Figure 18-1. This is illustrative of the single link type systems such as 
the RCA, Motorola, TE or Philco CLR 6. In this type of system a special 
vacuum tube is used to generate microwave frequencies. This tube is known 
as a reflex klystron. In general, the oscillator is directly connected to the 
antenna or radiating system. This makes an economical arrangement but 
has certain deficiencies since variations in loading will affect the frequency 
response of an oscillator and, therefore, introduce non-linearities in.its 
modulation characteristic. 


Since an antenna and its coupling system does not make a perfect impedance 
match between the oscillator and free space at all frequencies, the modulated 
oscillator has a limited application. Where systems of this type have been 
used for multi-link application a two-stage microwave amplifier has 
sometimes been used to isolate the oscillator from the antenna. However, 
such as amplifier materially reduces the economy inherent in the use of this 
type of system. 


Occasionally a device known as an RF discriminator is connected to the eataut 
of the oscillator and used to stabilize the outgoing frequency. The discrimi- 
nator continually samples the oscillator output and if the frequency drifts 
from its normally assigned mean the discriminator furnishes corrective 
information to the oscillator. _ 


In order to obtain sufficient voltage to vary the frequency of the oscillator 
the input signal is amplified through a wide band amplifier usually called a 
video amplifier. This nomenclature stems from the fact that systems of this 
type with the exception of the CLR 6 have been used for video or television 
transmission. 


A more elaborate form of microwave transmitting terminal is diagramed in 
Figure 18-2 and this is representative of the techniques used with the TD-2 
and the Philco TLR-2A or -B microwave systems. In this arrangement the in- 
put signal is amplified and applied to a device which may be known as an FM 
transmitter or a deviator. A low level frequency modulated signal is thus 
produced in the 70 to 150 megacycle range. This intermediate frequency is 
then amplified through an IF amplifier and applied to a frequency shifter. 

The frequency shifter is essentially a mixing or beating device which 
translates the intermediate frequency to the final radio output frequency. 

The output of the frequency shifter may then be passed through several 

stages of microwave amplifier and from there applied to the radiating system. 
By using a broadband antenna system and inserting bandpass filters between 
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the output of the radio frequency transmitter and the antenna several trans- 
mitters may be connected simultaneously to the same radiating system. This 
type of radio system is amenable to control of frequency stability to a 

much greater degree than the previous system shown in Figure 2 and also 
can be built to introduce much less distortion in the transmitted signal. 


Microwave Receiving Terminals 


All of the systems discussed above follow the same general procedures at 
the receiving end; however, the individual circuit arrangements differ with 
the specific system. The general receiver configuration is outlined - in 
Figure 18- 3. 3 


The signal from the receiving antenna system is passed through a microwave 
filter to amixer. The input filter serves two functions: first, to separate 
the individual channels of a multi-channel system and secondly, to prevent 
the output from an adjacent transmitter at the same location from feeding 
into or overloading the receiver. The mixer or first demodulator uses a 
diode of a silicon crystal variety and is furnished with signal from a local 
oscillator to produce the intermediate frequency at which most of the ampli- 
fication is done. 3 


Closely associated with the mixer is a pre-amplifier to raise the IF level 

for feeding to the main IF amplifier which may be located at some distance 
from the mixer assembly. The main IF amplifier provides the necessary 
gain to make the very low output from the mixer useful. IF amplifiers may 
have gains as high as 90 or 100 db. The IF amplifier output is then fed to 

a frequency modulation receiver which may consist of a limiter to maintain 
constant input into a discriminator, which is a frequency modulation detector. 
The discriminator in turn feeds a video amplifier DEAMEGSS to raise the output 
to standard transmission levels. 


The output of the IF amplifier is generally sampled and fed to an automatic 
gain control circuit which, as its name signifies, automatically controls the 
gain of the IF amplifier to provide a constant IF output. This circuit com- 
pensates for amplitude variations of a random nature in the radio trans- 
mission path. 7 


The output of the discriminator may also be applied to an automatic frequency 
control circuit which will vary the frequency of the local, or beating, | 
oscillator to always produce the same mean IF frequency. This permits 

the receiver to follow a transmitter which aed drift in its average frequency 
output. 


Microwave Repeaters 
A repeater provided for the use of single link units consists essentially of 
a microwave receiving and a microwave transmitting terminal operated back- 


to-back. In other words the output of Figure 18-3 would be connected direct- 
ly to the input of Figure 18-1. It is quite apparent that any distortions 
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introduced in the transition from radio frequency to signal frequency and 
then back to radio frequency will be multiplied at each repeater point and 
such an arrangement is undesirable for long microwave circuits. 


The more common arrangement for long haul circuits will follow the general 
form indicated in Figure 18-4. In this case the output of the intermediate 
frequency amplifier associated with the receiver is applied to the inter- 
mediate frequency input of the . “ansmitter and again translated to radio 
frequency for direct radiation on ¢:= air. In this way any translation to 
signal frequency is avoided and thus numerous distortions are eliminated. 
The method of accomplishing this translation is different with, different . 
systems and results from the fact that the repeater outpuc frequency is made 
to differ from the repeater input frequency by 40 megacycles in order to 
avoid a repeater sing. | 


If the input and output frequencies were identical some of the transmitted 
signal would, of necessity, reach the receiving antenna since the antenna 
systems cannot be made to have zero radiation from the rear. Inasmuch as 
the radio frequency filters must have a bandpass of 20 megacycles to pro- 
vide the 20 megacycle channels previously mentioned the minimum safe fre- 
quency difference between transmitting and receiving STeCES CIOS is 40 mega- 
cycles. 


In one microwave system the same microwave oscillator is used to furnish the 
beat signal at the receiver mixer and also the best frequency for the output 
frequency shifter. In this case a frequency shift is made in the IF inter- 
connection to provide the 40 megacycle input-to-output difference. 


In another microwave system the IF is maintained at the same frequency on 
both the receiving and transmitting sides but the local oscillator used for 
the output frequency shifter is in turn shifted 40 megacycles to provide in- 
jection frequency 508 the receiver mixer. — 


Frequencies 


It is desirable to maintain operation over a route with the use of as few 
frequencies as possible and still provide the minimum of interference be- 
tween stations. Figure 18-5 indicates the layout of the initial TDX micro- 
wave system between New York and Boston. Two one-way channels were 
provided in each direction with a total usage of four frequencies. These are 
indicated in the table on Figure 18-5. It will be noted that to avoid crosstalk 
between channels a separation of 200 megacycles was provided between 
_ channels transmitting in the same direction. A 40 megacycle translation 
occurs at each repeater point as previously discussed. 


‘It will be noted that transmitting from New York toward Boston and transmitting 


from Birch Hill toward Boston the same frequency is used. This means that it 
would be possible for the Spindle Hill receive to copy signals oe either 
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New York or Birch Hill (under certain atmospheric conditions) if the stations 
were all arranged ina. straight line. To avoid such a possibility a microwave | 
system is laid out in a zigzag fashion, with sufficient offset to avoid the | 
possibility of pickup from any but the proper transmitting station. The amount 
of offset introduced in a route of this type is determined by the directional 
characteristics of the antenna system and the terrain over which the route is . 
operating. By using as few frequencies as possible for the main route main- 
tenance is materially simplified since the duplication of equipment com- ~ 
ponents‘is high. In addition, frequency spectrum is available for future | # 

. side ee feeds from each of the main Eo Ree ee points. | 


| With ipeevemens in the ae sign and maanueerire of microwave channel filters 
it has been possible to operate with much closer frequency spacing and the 

- TD-2 now operates with an 80 megacycle channel separation. <A typical six © 
channel repeater might operate with input frequencies of 3730, 3810, 3890, 
3970, 4050 and 4130 megacycles while the corresponding output frequencies 
ere be 3770, 3850, 3930, 4010, 4090 and 4170 megacycles. 


edt appears that fue? improvement in aseceronn usage ‘will not be derived 
from improvements in filters alone but more likely in controlling the type 
of radiation. It is expected that, when band congestion becomes sufficient 
to warrant the necessary expenditures, five additional channels could pro- 
_ bably be interspersed between the six channels just mentioned by using the _ 
- Opposite polarization of the radiated wave. The additional discrimination. 
_ between horizontal and vertical polarization of the transmitting and receiving 
systems would materially relieve the requirements on skirt selectivity _ 

of the bandpass filters without pou the desired a0: me bandpass. — 


In the following paragraphs the Bell Sy ete Microwave Systems in present use 
are cE CUB Bed: ? , 


18.3 "TD-2" SYSTEM. 


“The TD-2 Radio System operates in the common carrier band between 3700 and 
4200 mc. This 500 mc band is divided into 12 microwave channels, the 
midband frequency of each being spaced 40 mc apart, with a channel band- 

width of 20 mc. Channels in any one direction are spaced 80 mc apart 
with a 40 mc shift between receiving and transmitting frequencies to prevent 
a transmitter from interfering with a receiver. This allocation of frequencies | 
allows six channels in each direction of transmission to be spaced within — 
the common carrier band. Atypical channel frequency allocation arrange- 
ment at two adjacent radio:repeater stations is shown in Fig. 18-6. At any 
one station the transmitting frequencies in both directions are the same. This | 
also applied to the receiving frequencies. All transmitting channels are. served 
by one antenna, and all receiving channels by a second antenna of identical 
design. The system therefore requires only two antennas at terminals and 
four at repeater relay points. In practice, two 20-mc channels are ae for 

each of s1x PewOe -way channels numbered as indicated below: 
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Channel No. | Fre quencies . 
1 3720-3740 mc and 3760-3780 mc 
2 3800-3820 mc and 3840-3860 mc 
3 3880-3900 mc and 3920-3940 mc 
4 3960-3980 mc and 4000-4020 mc | 
5 4040-4060 mc and 4080-4100 mc 
6 4120-4140 mc and 4160-4180 mc 


. Although these frequencies are the general standard for through circuits on 

a backbone route, it is possible to use ''slot'' frequencies where spur or 

- other routes intersect at an angle of approximately 90 degrees. The slot 

- frequencies are spaced 20 mc, or halfway between the standard frequencies. 

Where such spur channels are required, interference may result from the 
use of the same frequencies in more than one direction at a radio station. 


Figure 18-7 is a simplified block schematic of the TD-2 transmitting | | 

terminal. As there indicated, the input signal, which may cover all or part 
of a band between 30 cycles and about 4 megacycles, is first amplified — 

_ by a video amplifier, which increases the amplitude of the signal waves to a 
maximum of 8 volts peak-to-peak. When multiplex telephone signals are 

- being transmitted, the, output of the video amplifier is applied to the FM 

-. modulator. For television, a clamping circuit is included between the. 

amplifier and modulator. This adds a d-c component to the signal to clamp 
it to the amplitude value of the trips of the horizontal synchronizing pulse 
as a base line. | 


Frequency modulation is obtained in a comparatively simple manner by applying 
the signal directly to the repeller electrode of a reflex-klystron oscillator, 


FM Transmitting Terminal > on Microwave Transmitter =, Trans 


| dug 


Input = Amp | _ Amp 
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—A- Indicates Waveguide 
| Fig. 18-7 ID-2 Transmitting Terminal | 
which is taned to a nominal frequency of 4280 mc. A signal level of 8 ee 


peak- -to-peak at the repeller produces +4mc frequency modulation. The fre- 
quency- -modulated carrier is then applied to a converter, whose active component 
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is a point- -contact varistor, where it is mixed with the oursuie of a ‘4210- -mc 
beating oscillator. The resultant converter output is an intermediate frequency 
normally centered about 70 mc and ranging between 74 and 66 mc. This of 
course represents the difference between the two frequencies Soplied to the 
converter. The four-stage IF amplifier raises the level of the modulated IF’ 
signal to +13 dbm. A small portion of the amplifier output is picked off and 
applied to a slow acting automatic frequency control circuit, which, in the 

case of telephone transmission, measures the average frequency at the 
amplifier output and adjusts the beating oscillator so that this average 
frequency remains constant at 70 mc. For video transmission, the AFC circuit 
measures the amplifier output frequency only during the horizontal 
synchronizing pulses and adjusts the beating oscillator frequency to hold this 
EDcayeney. constant at 74 mc. 


All the components discussed above comprise what is ‘penerally known as ; the | 
FM transmitting terminal. The modulated signal output of this terminal, after 
passing through appropriate switching or patching circuits, is-applied to the | 
microwave transmitter itself. The transmitter modulator Figure 18-8 trans- 
lates the IF signal to the desired microwave frequency. The modulator employs 
a 416 type tube, and is supplied with the proper beat-frequency from a micro- 
wave generator whose output frequency is 70 mc removed from the desired 
microwave channel frequency. The basic unit of the microwave generator is a 
very stable crystal-controlled oscillator operating in the frequency range from 
17.5 to 19.0 mc, depending on the frequency of the crystal employed. The 
basic oscillator is followed by a series of frequency-multiplying stages 
providing a total multiplication factor of 216. The modulated output is led 
through a band-pass waveguide filter, which selects the upper side-band. The 
microwave transmitter amplifier is capable of producing an output of +27 dbm 
(slightly more than 1/2 watt). This output.is fed through a channel filter 

where it is joined by the outputs of five other transmitting channels and 

oper collectively to the aor eEt te, antenna. 


At the receiving terminal of a microwave channel, the incoming Shannele are 
separated by channel filters, as indicated in Figure 18-9. The incoming 
energy for each channel then passes through an image rejection filter. This is 
a band-pass filter de signed to have particularly high suppression characteristics 
in the neighborhood of the image frequency 140 mc away from the signal 
frequency. The receiver converter is a demodulator employing point - -contact 
varistors, in which the SHF signal is mixed with the output of a microwave 
generator to again produce the 70 mc IF. This is passed through an IF pre- 
amplifier having a gain of about 12 db to an 8-stage main IF amplifier having 

a maximum overall gain of about 60 db. Associated with this amplifier is an 
automatic volume control circuit which compensates for differing input levels 
due to fading and holds the output power constant at approximately +9 dbm. 

The FM receiving terminal includes limiting and discriminating circuits which 
convert the frequency - -modulated 70 mc signal back to its original amplitude - 
varying form in the frequency range between 30 cycles and 4 megacycles. 

This signal is applied to a video amplifier whose pushpull output voltage is 
about 2.0 peak-to-peak, 


18.14 


ST °ST 


TRANSDUCER 


1303 
cpl INPUT cP2 OUTPUT FILTER 
COUPLING 


APERTURE TUNING 


ouTPUT 
FILTER 


“WAVEGUIDE SPACER 


BEATING 
OSCILLATOR 


FILTER 
MODULATOR 


4008 TUNER 
MOUNTING STUDS 


FORCED AIR INLET 


PLATE TUNING 


POWER CONNECTOR 


IF INPUT 
TRANFORMER 


1305 
FILTER 


sntatteananen on oe aaa” . : - — 


> 
Pe 
me Ore 1 8 o~ , 


< ane ae | - ? . ee ad - 
as 18. 1 8 8 Mi - = | 


SWGHLSAS OIGVU - GL 81 UALAVHO 


CHAPTER 18 TD - RADIO SYSTEMS 


Msi mcrowave Receiver Main FM Receiving Terminal _ 
i IF IF | | y 


BS -Amp Output 
Signal 


Throug | 
Patching ee: All : 
Circuits - a Video 


> | Channel if 

| Filter 2% L : . 
To 5 Other - : “Micro~ | 

Channel Filters | wave | 


Fig. 18-9 TD-2 Receiving Terminal 


—f}— Indicates Waveguide 


Repeater stations, which are located at intervals of about 25 miles along the 
radio relay routes, are of two types - main and auxiliary. Main stations 
include switching and branching circuits, while auxiliary stations are arranged 
only to receive, amplify and re-transmit the radio signal. The layout of the 
main repeater station may be represented by connecting together, through 

- patching circuits, a microwave receiver as shown schematically at the left 
of Figure 16-9 and a microwave transmitter as shown at the right of Figure 18-7. 
The 40-mc frequency shift that is made at all repeaters is obtained by using. 
conversion frequencies that differ by 40 mc. Inthe auxiliary repeater _ 
arrangement which is shown in block schematic in Figure 18-10, a single 
microwave generator is used to supply both the receiver converter and the 
transmitter modulator. The 40-mce shift is secured by the use ofa ''shifter 
converter'' which mixes the microwave generator output with the output of a 
separate 40-mc oscillator to provide a supply for the receiver converter that 
differs by 40 mc from the microwave generator frequency. 


Antenna | ie ' IF IF Trans Antenna 
v | Pre-Amp Amp : : Amp NY, 
| : 7 Image Rec | | Cha al 
cok Filter verter | | : ae _ 
To 5 Other 7 | To 5 Other 
Channel Filters - | Channel Filters 
oA Ose Shifter Micro | | 
jy Con : . wave 
40 Mc verter : Gen —f}— Indicates Waveguide | 


Fig. 18-10 TD-2 Auxiliary Repeater 
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It will have been noted that the general operating principles of the microwave 
system have much in common with the more usual radio and carrier systems. 
Because of the extremely high frequencies employed, however, most of the 
apparatus units differ radically in design from those of relatively low- 
frequency systems. One of the most interesting examples of such design 
difference is found in the channel filters of the TD-2 system. The key com- 
ponent of these filters is a device known as a waveguide hybrid, one form 

of which is illustrated in Figure 18-11 together with its circuit analog. 

When the impedances of the four waveguide arms are properly matched, 
energy entering arm C will divide equally between arms A and B and none 
will reach arm D. Similarly, energy applied at D will divide equally between 
arms A and B with no output to C. However, when the input is to arm C, 

the outputs of arms A and B are in phase opposition, while with the input 

at D, the outputs at A and B are in phase. This may be understood by 
referring to the circuit analog. It follows that when equal and in-phase 
voltages are applied across arms A and B there will be no output to arm D 
and full output to arm C. On the other hand, if the equal inputs of arms A 
and B are 180° out of phase, there will be no output at C and full output at D. 


—— 


Fig. 18-11 (a) One Form of Fig. 18-11 (b) Waveguide 
Waveguide Hybrid Hybrid and Circuit Analog 


Microwave Channel Separation Network (Branching Filter) 
The arrangement for employing these waveguide hybrids to obtain filter action 
is illustrated schematically in Figure 18-12. The total microwave energy 


coming from the antenna enters the upper hybrid at arm C and divides equally 
between A and B with no transmission at D. Inserted in series with both arms 
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A and B are identical band-reflection filters tuned to reflect the frequency band 
of one particular microwave channel but to pass all other frequencies. The 
frequencies of the reflected channel band travel back to the hybrid and are 
applied to arms Aand B. Because one of the band-reflection filters is located 
one-quarter wavelength farther away from the hybrid than the other, the 
energy reflected by one has to travel a half-wavelength farther than that 
traveled by the other in going from the hybrid to the reflection filter and back. 
The reflected waves are there 180° out of phase when they reach the hybrid 
and the total reflected energy is therefore transmitted to arm D and thence to 
the channel receiver. | 


Fig. 18-12 (a) Microwave Channel Branching Filter 
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The energy that was not reflected by the filters passes on to arms A and B of 
the second hybrid in phase and is accordingly transmitted to arm C. This is 
connected to another arrangement identical to that of Figure 18-12 except 
that its filters are tuned to reflect a different channel band; and so on until all 
channels have been dropped off to their respective channel receiving circuits. 


18.4 INTERSTITIAL’ CHANNELS 


In the ten years since the first TD-2 system was installed the demand for 
intercity television and voice circuits has increased tremendously. To meet 
this expansion the Bell Telephone Laboratories has devised a method of.adding 
interstitial on "in-between" channels to existing TD-2 systems. This addition 
was possible since the present TD-2 channels are seperated by 20 megacycles. 


Six additional two-way microwave channels may be derived by utilizing the 
interstitial bands mentioned above. A frequency plan for such operation is 
shown in Fig. 18-13, in which the six additional channels are shown as dotted 
lines. It will be noted that here adjacent receiving channels are only 20 mc 
apart and, furthermore, the minimum difference in frequency between 
transmitters and receivers on the same tower is also 20 mc. 


Inasmuch as the total discrimination of the repeater to frequencies 20 mc from 
midband is not great, supplementary means had to be found for improving the 
discrimination between such closely spaced channels. For far-end interference 
between similarly directed channels only 20 mc apart, additional discrimination 
may be obtained by transmitting one set of six channels with vertical : 
polarization and the other set of six channels with horizontal polarization, as 
shown symbolically in Fig. 18-13. The two sets of oppositely polarized 

channels are separated at the receiving waveguide by means of a suitable network. 


It is essential that during fading the amplitude of the vertical component of 
any particular horizontally polarized carrier shall not become excessive 
relative to the amplitude of the vertically polarized carrier located 20 mc 
away, and vice versa. Cross-polarization during fading periods was studied 
experimentally on a 23-mile path between Murray Hill, New Jersey, and _ 
Holmdel, New Jersey. This was done by transmitting a vertically polarized 
carrier at 4008 mc anda horizontally polarized carrier at 3980 mc, and 
observing them with a receiver tuned to each but with both receivers 
arranged to accept only vertically polarized waves. Fig. 18-l4isa 
cumulative distribution curve of the instantaneous difference in level 
between the two received components obtained in the month of September 
1954. It should be pointed out that, by nature of the recording means, 

there is an inherent uncertainty of +5 db in the observed values of 
discrimination. Fig. 18-14 shows that during this period the cross- 
polarization discrimination was poorer than 20 +5 db for only about 0. oe 
per cent of the time. 
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Fig. 18-13 Frequency Plan For 12 Channels 
While the use of cross-polarization materially improves the inter- 
‘ference from far-end couplings, it does not appreciably increase the 


side-to-side coupling loss between antennas; consequently, near-end cross- 
talk becomes an important consideration in interstitial channel operation, 


18.5 TD-3 SYSTEM 


The following comparison of system characteristics will show how long haul 
microwave operation will be improved with the introduction of TD-3. 
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Fig. 18-14 Cross-polarization Discrimination 


TD-2 TD-3 
Carrier Freq. | _ 4GC rat 
Min. Repeater Gain 81 db 101 
MSG Ckts/Channel 600 | 1,200 - 
Noise Figure 12 db 7 a 
Noise Performance 40 dbao 35 ao 
Transmitter Output 27 db (1 watt) 37 db (5 watts) 
Baseband Width _ | 6 mc , ee 
Reliability | 0.16% | 01% 


TD-3 Components 


In considering characteristics of the various components of a TD-3 repeater 
bay, the objectives discussed here are in general terms only as the design 
of some components may not be final at this time. 
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A simplified block diagram of the TD-3 Repeater is presented in Figure 
18-15, The most pronounced difference between T'D-2 and T'D-3 that may 
be noted here is the incorporation of a Parametric Amplifier in the front 


end and a Traveling Wave Tube (TWT) final output amplifier. Except for 
the TWT, the electronic ee | is of solid state design. 7 


The TD-3 system will operate on the same frequency plan at TD-2, 3, 700 mc 
to 4,200 mc and will provide for 12 two- -way channels. | | 


Antenna 


Since TD-3 is to be compatible with TD-2, fie antenna and much of ‘na. 
waveguide will be common. - | 


Waveguide - Networks 


The channel dropping networks and channel band pass network will be similar 
to those used on T'D-2z but with greater band width and more stringent re- 
quirements on the loss and phase characteristics. The channel dropping 
networks consist of resonant cavities coupled to the main waveguide. In 
order to obtain adequate control of the coupling, both the diameter of the 
coupling orifice and the thickness of the waveguide wall must be held to 
tolerances of + 0.001 inch. Also, to obtain the desired temperature. 
stability, invar copper laminate waveguide will be used in place of the » 
normal copper in construction of the channel dropping and channel band 
pass networks. Where TD-2 and TD-3 are to be intermixed the [D-2 bays 
will have to be equipped with the new channel SPOPpute networks in order 
that the TD-3 portion meets its epiechives: | 


The channel pass filter is made up of a number of resonant cavities spaced 
along the waveguide. In order to achieve the more stringent requirements 
for I'D-3 it was found necessary to increase the number of cavities over 
that used in TD-2. The spacing between cavities has been reduced from 
three quarter wave length to one quarter wave length to hold the filter toa 
reasonable length. This closer spacing of the cavities entails the use of 
three post construction to reduce the coupling between cavities over the one 
post TD-2 type. Also, the position of the posts must be controlled to 

+ 0.002" and the post diameter to + 0.002". . 


Isolators 
There will be considerably. more isolation between components in the TD-3 
system than was necessary on TD-2. The isolator characteristics are less 


than 0.2 db forward loss, 37 db reverse loss and about 35 db return loss. 
There will be eight of these isolators used in the TD-3 repeater a 
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P 
Parametric Amplifier 


The paramp, tripler and waroctor aeee mol isa very cote sane of TD-3. 
The assembly also includes a circulator, level amplifier and other associ- 
ated coax and ee aeperarae required for pe ae isolation and 
monitoring. | 


Energy is canal from the microwave generator reoush the power splitter 
to the tripler (Figure 18-16). Here the frequency of this energy is multiplied 
to three times the incoming signal frequency and is referred to as the ''pump 
frequency''. The pump frequency is fed to the paramp through an isolator, 
filter and directional coupler where a sample is fed to the automatic Level 
Control Amplifier which is coupled to the tripler and controls the tripler 
output by varing the circuit loss. The incoming signal is coupled to the 
paramp tarOUee a four port circulator. | 


_ The paramp is essentially two canada: circuits (cavities) coupled with a 
varactor diode. The pump frequency is fed to one of the tuned circuits and 
is applied across the varactor diode. The characteristics of.the diode are 
such that its capacitance varies in an nonlinear fashion with voltage. This 
varying reactance is applied to the two tuned circuits and as the incoming 
Signal is coupled to the second tuned circuit, non linear mixing or multipli- 
cation of the two signals occur. It is in this non linear conversion that © 
amplification is attained with the energy being derived from the pump source. 
The amplified signal is then coupled through the circulator to the. Receiver 
Modulator. The importance of the parametric amplifier is that this gain may 
be obtained over a wide frequency band with very low noise. 


The amplifier will have a frequency response that is flat within + 0. Ol ab 
over a band + 6 mc from midband frequency. Over a +10 mc band width the 
response must be flat within + 0.05 db. In addition, there must be no 
discernable ripple over + 20 mc from the midband frequency. 


The nominal input signal level is - 30 dbm. With a short hop this could 
increase to - 24 dbm. The amplifier gain is 12 to 15 db and the noise ae ERS 
will be about 4 db. 


Modulators 


The receiving modulator has the IF pre amplifier, which is a printed wiring 
board assembly, mounted in a recess in the modulator housing. ‘Lhe. 
nominal loss for the modulator is about 6 db and the noise figure for the. 
combined modulator and IF preamplifier assembly will be about. 12 ce 

or lower. | 
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The shift modulator is similar to the receiving modulator with the 
exception of the printed Weere board which in this case will be the 40 mc 
oscillator circuitry. 


The transmitting modulator again is similar to the coe two except for the 
printed wiring board assembly which is the IF driving amplifier. Carrier 
suppression through the modulator must be 30 db and the conversion gain 
will be approximately 10 db. 


IF Amplifiers 


The total IF amplification is accomplished in four sages: preamplifier, 
main amplifier, limiter amplifier and IF driver ee 


The IF preamplifier is intimately associated with the receiver modulator 
and as previously stated is mounted in a recess in the modulator block 
assembly. The preamplifier has four stages of amplification with a noise 
figure of approximately 4.5 db and a gain of about 19 db. The nominal 

‘input signal level is --- 18 dbm to the modulator and approximately - 24 dbm 
to the preamplifier. However, the amplifier must be able to accommodate 

a signal level of - 18 dbm to allow for an upfade and anincrease ina | 
signal level due to short hops. The amplifier is assembled on a printed 
wiring board about 3" by 3 1/2''. The printed wiring boards for all the IF 
circuits are made of a teflon glass laminate. 


The main IF amplifier consists of 18 transistors and 7 diodes. Figure shows 
a typical stage of the IF amplifier with an associated vario-losser circuit. 
There are seven vario-lossers in the amplifier assembly which function in 
connection with the AGC amplifier to control the over-all gain of the IF 
amplifier. In order to maintain the gain-frequency characteristics required 
for TD-3 it is desirable to operate the transistor amplifier stages under 
‘fixed bias conditions. The AGC amplifier output is applied across a diode, 
which is connected between the signal path and ground, between amplifier 
stages. In this arrangement the AGC output varies the diode (vario-losser) 
resistance to ground and ere controls the over-all gain of the IF amplifier. 


The maximum gain of the ssnesitties is 47 db with an AGC range of 35 db. The 
amplifier is designed to maintain its gain-frequency characteristics through 
the AGC range. The objective is a response flat to within + 0.01 db over 

the band 70 + 6 mc and 0.03 db over the band +10 mc. The amplifier — 
assembly is in two sections mounted in a common panel. The associated 
AGC amplifier portion is a separate assembly and panel. a 


The IF limiter follows the main amplifier and will provide 30 db suppression 
of amplitude variations for modulating frequencies up to 6 mc. The phase 
shift introduced must be less than 0.20 degrees per db of amplitude 
variation to limit the amount of AM to FM conversion. 
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The IF driver amplifier is incorporated with the transmitting modulator 

and mounted the same as the IF preamplifier. The driver amplifier has a... 
response requirement of + 0.01 db over a band of + 6 mc and + 0.03 ap 

over a band of +t 10 mc. | 1. ee 


rege tine Wave Tube Aroplifier 


Final amplification is accomplished with a new de sign a veitae wave tube. 
This tube (461A) is a 6.5 watt TWT amplifier operating from 3..7 to 4.2. 

Gc, periodic permanent magnet focused with waveguide coupling. The 
magnetic circuit commonly referred to as a PPM package is reusable. ae 
The reconditioning to be done at the factory. In order to get the ae : 
input and output circuits between the magnets it was necessary to reduce . . 
the waveguide ''B"' dimension to 0.100 inches and 0.328 inches respectively 
for the TWT input and output. The 21A (input) and 32A (output) transducers .. 
were designed to transform from these heights to standard WR229 wave-_ 
guide. The amplifier is about 3 inches x 4 inches square and about 16 © 
inches long and mounts on top of its power supply. A heat sink is incorpo- 
rated for cooling the collector of the traveling wave tube, thereby etielaating 
the need for forced air cooling. ee eT ee 


The amplifier assembly has a gain of 32 db ith an output level of + 37 dbm 
and a noise figure of about 30 db. The power supply operates from - 24 volt. 
battery and contains a solid state inverter which operates at about 5,000 cps. 
- The output of the inverter is stepped up by a transformer and rectified by 
_ solid state diodes to provide the high voltage necessary for the traveling 

wave tube.. ) | | s 2 ' 


Carrier Re sisi 


If the IF carrier is lost in a TD-3 channel the AGC voltage drops. and.the IF 
main and limiter amplifiers go to maximum gain. Under this condition 
circuit noise is amplified and is equal in amplitude across the band. This 
noise is fed through the modulator tothe TWT. Within two repeater 
sections the TWT amplifiers are saturated at full power with noise spread | 
over a wide band. This noise power, being fed through channel combining . sae 
and channel separation networks, becomes greater than informationin — : 
adjacent channel sidebands. Therefore, the loss of the IF carrier in one . 
channel may de stroy the information in the adjacent channels. To prevent 
this from occurring, a carrier resupply panel has been incorporated. — The. 
Carrier resupply replaces the lost carrier with an IF carrier modulated with. 
either 7 mc or 9 mc within less than 0.1 milisecond and prevents subsequent 
repeaters from being saturated with noise. This fast reaction time is mon 
necessary to prevent a burst of noise from getting into adjacent Spears 
with enough duration to initiate automatic switch actions. 


18.28 


CHAPTER 18 TD - RADIO SYSTEMS 


Mic rowave Generator 


The TD-3 microwave generator, (Fig. 18-18), differs from the G-3 model 
used on TD-2 primarily in its solid state design and closer noise requirements. 
Basically, the generator consists of a crystal controlled oscillator in the 

125 mc region, frequency multiplication to achieve 4 kmc, output amplifi- 
cation and the necessary tuners, filters and waveguide apparatus. Some of 

the basic objectives are that noise not be greater than 14 db above 

theoretical at 3 to 4 mc and no greater than 60 db above theoretical near 

the carrier (4 kmc) at 0.5 watts output. 


ID-3 Advantages 
A, look at the advantages of the TD-3 radio repeater will now show: 


l. Better gain-frequency response and greater band width to provide 
improved capacity. 


2. Reduced system noise providing for extended routes to 8,000 miles. 
3. Improved reliability due to solid state and improved design. 


4, Reduced DC power requirements providing for more economical 
operation with no forced air cooling required. 


The above factors will all contribute to reduce the cost per message mile 
for a loaded system. The present TD-2 cost is about $2.46 while the 
latest estimate for TD-3 is $1. 76. | 


Trial Installation 


There will be two trial installations for the TD-3 system. The first will 
be in the Memphis to Little Rock route (Figure 12) with main stations at 
Alexander, Arkansas and Arkabutla, Mississippi. The repeater stations 
will be at Tucker, Stuttgart, Palmer, and Helena, Arkansas. This trial 
installation will be TD-3 only and the equipment will be shipped during the 
last quarter of 1965 and early 1966. 


The second trial installation will be an intermix of TD-2 and TD-3 and will 
run from Sequin to Ennis in Texas. Equipment for this installation will 
also be shipped early in 1966. Normal production will begin in the fourth 
quarter of 1966. | | | 
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TH RADIO SYSTEM 


19,1 INT Be emt seen 


TH radio is a microwave system designed to reece long-haul facilities 
suitable for handling television, multiplex telephone, or any other wide- 
band communication signals. The system operates in a common carrier 
band between 5925 and 6425 mc. Radio waves at these frequencies have 
propagation characteristics similar to those of light, therefore, for 
systems such as TH, line-of-sight parts between stations is essential. 


The system is set up to provide a maximum of eight broadband radio 
communication channels and two narrow-band auxiliary channels in each 
direction of transmission. At anormal repeater point, this will meana 
a-way system with a maximum of eight broadband channels in each direc- 
tion, six of which are available for FeBULAT use, and two reserved for 
protection. | . : 


Each broadband channel accommodates a baseband signal of approximately | 
10 mc which may comprise 1,860 or more message channels (Potentially _ 
2,220) or a standard 4.5 mc TV signal and 420 or more message channels. 
(potentially 780) in combination. The present capacity of a fully developed 
TH route would be 11,160 message channels, or 2,520 message channels 
plus six two-way television channels. (Based on 6 regular and 2 protec- 
tion channels). , - 


The TH system will use the KS-15676 horn-reflector antenna and circular 
wave-guide as shown in Fig, 19-7. The horn-reflector antenna is capable 
of handling a very wide range of frequencies, including the 4,000, 6,000 
and 11,000 mc common carrier bands. Consequently, a TH system may 
be added to an existing TD-2 route if all the stations on this route are 
equipped with horn-reflector antennas. There are obvious economies in 
being able to add a new system of large cross-section to an existing route 
~ instead of having 2 construct an entirely new route. 


peanernieeios performance ciauacter vets of the TH system will meet 
objectives which have been established for 4,000-mile systems. | 
Considerable thought was given into making the TH equipment more time-: 
stable than TD-2 equipment. An automatic protection switching system 
was developed for use in conjunction with the TH system to assure that | 
transmission performance will be maintained at the desired level despite 


i fading and eae ene troubles, 
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— TH RADIO SYSTEM 


The TH system differs gow the TD-2 system in having an auxiliary. channel 
for. automatic Switching and radio order, alarm and control purposes as an 
integral part of the system. Ona TD-2 route it is necessary to bring a 
“separate radio system or wire line into each repeater station for order and 
alarm-purposes. The TH auxiliary. channel has a capacity of approximately 
48 circuits, which is considerably: in excess of.the number needed for ‘ 
corder, alarm and control functions. This additional capacity may be used 
for short haul toll. Purpose: ST | , > 


‘ Output pow er on each. TH, broad band. spanael aan eouinatse 5 watts and 
frequency modulation'is employed. The narrow band auxiliary radio order 
channel uses amplitude modulation or possibly single sideband and the 
output power-will be 5:mw. The higher power on the broad band channels is 
-Obtained through the use of traveling wave tubes. These.tubes require | 
voltages well above l, 000 volts, so that the power supply for the TH system 
will be quite different from the TD-2 power supply. Batteries are not suit-. 
able for such high voltages; ‘instead, rectifiers are employed and rotating. 
machine arrangements, similar to those used with coaxial eyerenis are 
provided to assure be copes on Sons ec 7 | : 


‘Preliminary and tentative: aaa of the TH Microwave | System are described 
in the following paragraphs. ae ae : 


19.2 TH FREQUENCY. PLAN 


Figure 19-1 illustrates the frequency plan for the TH system:: This lai 
“provides for a maximum of eight broad band and two narrow band auxiliary — 
“channels in each direction. Channels 11 to 18 and 21 to 28, inclusive, are 
‘the broad band FM channels for TV, teléphone or telegraph services. = 
Channels 10, 19, 20 and 29 are the narrow band AM or SSB auxiliary 


_ channels for order, alarm and.short haul toll circuits. 


‘Note that all transmitting frequencies are located at one end of the 5925 - 6425 
mec’ band.and the. receiving frequencies placed at the other end. The auxiliary _ 
Channels are situated in the guard band between the broad band. iene ane 
-and receiving frequencies as well as in the guard bands between the TH: 
“system and other services in adjacent bands. Notezalso that: adjacent broad. 
band channels are alternately polarized to minimize crosstalk...Cross- 

. polarization permits. overlapping channels slightly so pee the effective | : 
prea auepey. use is 514 me in. a pene oe ee mc WEE: a 


In the’ ‘TD+2. system it is Boaeilile to minimize converging route Satediorenec 
“by employing slot frequencies at critical points. With the TH. system and 
“its much more intensive frequency utilization, no such alternative is avail- 
able. It will be necessary, therefore, to lay out TH routes with more care 
and to choose angles which will not produce excessive interference. The | 
_. Same precautions will: henceforth be necessary also in ane ee are) of 
new TD- 2 routes which es later have TH added. — 
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Channelizing 


Figure 19-2 shows the 10 mc TH baseband, designed to accommodate a 
theater television signal. Figure 19-2 illustrates the normal line frequency 
assignments for the L3 carrier, indicating that L3 terminals can be 
employed with the TH system. In actual practice, however, the standard 
L3 signal would not be applied to a TH line except on an emergency ''make- 
good'' basis, owing to pilot, line regulator and interconnection level 
problems. 


It is planned to transmit not only TV or telephone, but also combined TV 
and telephone signals over the TH system. The combined signal, as | 
portrayed in Figure 19-2 will require a multiplex terminal similar to the 
Iu3 terminal except that it will translate master groups to the locations 
shown. The TV signal is placed at the low end of the band because a micro- 
wave system is capable of transmitting such signals without a frequency 
translation. Also, modulation products are less troublesome with message 
signals above TV. 


For the sake of flexibility and standardization of channelizing equipment, it 
is proposed to arrange multiplex terminals for TH to be capable of producing 
the frequency translations shown in Figure 19-2. ‘The user will then have 
the option of equipping master groups 1 and 2 or providing a TV channel 

(and omitting supergroups 317, 318 and 325). Note that master groups l, 2 
and 3 and supergroup 112 have exactly the same frequency assignments as 
in the L3 coaxial system. | 


In figure 19-2 the 1.5 mc gap between the TV signal and the adjacent master 
group is required for crossover of the cutoffs of a high-pass - low-pass 
filter pair which sepavraie the telephone and TV frequencies. . 


The gap at 7.2 mc in master group 3, obtained by omitting supergroups 317, 
318 and 325, is required tc avoid interference to message circuits from the 
second harmonic of the TV color subcarrier. | 


The existing 10 mc channel bandwidth is of sufficient width to accommodate 
an additional 360 message channels. However, this potential increase in. 
capacity will not be available until supplementary techniques are devised 
and incorporated into the TH Systera to meet noise objectives. 


19.3 MEETING TRANSMISSION OBJECTIVES . 


Intermodulation noise in the TH system is primarily a result of transmission 
gain and phase distortion. Some intermodulation noise comes from non- 
linear conversion of amplitude into phase modulation, largely from the 
traveling wave tube amplifier. In the TH system the spurious phase modula- 
tion due to amplitude modulation is minimized by including a limiter in each 
repeater to reduce amplitude modulation. 
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The traveling wave tube used in the RF amplifier is a broad band device. 
It has very little phase distortion as compared to the TD-2, in which the 
resonant frequencies of the tube cavities in the RF amplifier vary with 
ambient temperature and produce systematic changes in delay distortion” | 
from repeater to repeater. 7 | 


The IF amplifier for the TH system is being designed with an emphasis on 
stability of components in order to minimize the dependence of transmission 
distortion on tube parameters. Most of the out- of- band an shaping | 
will be provided by passive networks. 


The carrier/noise ratio at the TH converter is about 13 to 15 db better on 
the average than TD-2. This margin could be used to improve noise 
performance or to increase message handling capacity. The latter 
alternative has been chosen, so that the fading performance of the TD- z 
and TH systems will be almost identical. 


Filters and Equalization 


The TH system is engineered for a maximum of 16 pairs of FM terminals. 
in tandem on a 4, 000-mile circuit. Because combined TV and telephone 
signals will be handled, high-pass - low-pass filter pairs will be | 
required to separate the telephone and TV. There is one filter per FM | 
terminal, or a maximum of 32 filters in tandem for a 4, 000-mile circuit. 
The low-pass filters will be provided with built-in delay equalization. 

Each TV side leg or terminal leg will be equipped ee an additional low- | 
pass filter to cut down ringing. : | 


Through circuits will be equalized at I.F. on a switching link basis. ies 
a protection switch is made, there will be slight variations in the overall 
4,000-mile circuit which will not be mopped up. There may be provisions 
for noe up at baseband from terminal to terminal. | 


19. 4 MICROWAVE CARRIER SUPPLY 


The TH system uses a common carrier supply which will furnish ten. trans- 
mitting and receiving beat frequencies for 16 broad’ band receivers, 16. 
broad band transmitters, 4 narrow band auxiliary transmitters and4 | 
narrow band auxiliary receivers. Four frequencies, 29.7, 59.3, 6049, and 
6301 mc, which are derived from a 14. 83 crystal through multipliers, are. 
supplied from this system. The 6049- and 6301-mc microwave supplies 
are used along or in combination with the 29.7- or 59. 3-mc shift 

frequency supplies to provide the beating oscillator or carrier frequencies 
required at the transmitter or receiver modulators. Where the desired 
carrier frequency is a sum or difference of 6049 or 6301 and 29. 7.or 59. 3, 
a carrier supply (shift) modulator is provided on the appropriate transmitter 
Or receiver unit wherein the microwave carrier and shift frequency. are 
combined. 
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In order to assure the reliability necessary in a common carrier supply 
system, two carrier supply generators, powered from separate primary 
sources, are provided, one regular and one standby. Both generators 
operate continuously, with the regular always in service except in case ofa 
failure when the standby will take over. 


Crystal oscillators are provided in duplicate. A frequency comparator 
monitors the outputs and gives an alarm if either drifts. If one fails, the 
other will be automatically switched into service by a 223-type switch. 
Other 223-type switches are used to transfer the shift frequency outputs 
from regular to standby carrier supply. Switching of microwave 
frequencies is accomplished with ferrite Bee Switching time is in 
the order of 5 milliseconds, There is also a "slow switch" arrangement 
which will monitor all the frequency multiplying chains and switch a whole 
chain whenever the output of one stage gets low. Maintenance switching is 
designed to complete the maintenance switching Benarnen in 200 to 300 
microseconds. 


19.5 TH TRANSMITTER 


The microwave transmitter used in the TH system will combine an IF 
signal from a receiver or an FM transmitter with a local carrier supply 
frequency. The IF and local carrier supply signals are combined in the 
Transmitter Modulator and amplified by a traveling wave tube. The output 
at +37 dbm is fed to the antenna system. A block diagram of the 
transmitter is shown in Figure 19-5. The appropriate carrier supply 
frequency for a particular transmitter is obtained by combining in the 

Shift Modulator one of the microwave ele ee and one of the shift 
frequencies from the station carrier supply. 


The TH antenna is capable of radiating 12 kmc, so that a harmonic filter is 
required after the traveling wave tube to reduce the second harmonic. The | 
isolator is required between the traveling wave tube and the antenna because. 
the tube has a low return loss and miter otherwise tend to Procure echoes ... 
in the waveguide system. | 


19.6 TH RECEIVER 


The TH receiver combines in a Receiver Modulator the incoming microwave 
signal and a local carrier frequency, and produces an IF signal of 74.1 mc. 
As in the transmitter, the beat frequency is produced by a Shift Modulator in 
which one of the two basic Senay frequencies and one of the two basic 
shift signals from the station's carrier supply are combined. The 
approximate equalization for the repeater station is included in the receiver. 
The precise equalization, as mentioned previously, will be done ona mop - 
up basis. The receiver block diagram is-shown in Figure 19-6. 


a i? ony ae 


7 TH “MICROWAVE CARRIER SUPPLY 
@— = TO SWITCHING CONTROL 


XTAL | ({133.43MC_ 
OSC 


ag3mc | | 


XTAL 
osc --— 
— 14.83MC - 


118.6MC | | 
— = 29.65MC 
= 593MC 


‘TO STANDBY 


| FREQUENCY | 
a 


an an 
, > SWITCHING | 
CONTROL 


> 6049 We 


“MICROWAVE 
ni Pc. Ly 


"ita STANDBY a 


‘Figaye 19-3 


—_ ‘woo F28204MC 


tee Olav HL 61 weisens 


TH COMMON MICROWAVE CARRIE R SUPPLY 


poomemsines GENERATOR a SWITCHING anaes DISTRIBUTION — REP ———>. 


| 6049mc _ 
aor TO REC 
4x40] 120) 


cSieT S381 _ cr 


Fr a 
‘LMop yf 14 


 59.3MC 


1630iMC TOTRANS (20) 
TO TRANS @ REC (16) 


A 223A ol 
=e ——59.3MC_ 
Figure 19-4 


WHLSAS OIGVY HL 61 YALAWHD 


. 0 T =e 6 I 


FROM |+3dbm 


+ Tdbm #37 dbm 


—— 29.60R = 6301MC 
ek... ee ee 
FROM MWC SUPPLY 


| Figure 19-5 | 


CHAPTER 19 TH RADIO SYSTEM 


19.7 FM TERMINALS 


The TH system employs an FM terminal transmitter and an FM terminal 
receiver similar in design and function to those used with the TD-2 system. 
It is, of course, necessary to meet more stringent performance require- 
ments with the new terminals in order to handle the larger number of © 
telephone circuits and the wide band TV signal. | 


19.8 AUXILIARY RADIO CHANNEL 


The TH auxiliary radio channel is a low powered.(5 mw) AM or SSB micro- 
waye system. Operation at 5 mw is possible because the number of 

circuits to be handled is small and the maximum circuit length’ is short. 

The principal function of the auxiliary channel is to provide circuits for 
automatic switching, order, alarm and control purposes for the TH system. 
The circuit requirements for these purposes are small, however, so that 
the majority of the 48 circuts will be available for short haul toll use. 

Type ON channelizing is employed and maximum circuit length approximates 
200 miles. Circuits can be dropped or added at any repeater. 


In order to make use of as much standard TH equipment as possible, includ- 
ing the microwave carrier supply, a special intermediate frequency of 
63.6 mc is being employed, One traveling wave tube is used instead of two. 


Referring to Figure 19-1, it will be seen that there are two auxiliary channels © 


in each direction. One is used as a regular and one as a protection channel. 
The chance of a simultaneous fade on both channels is negligible, as the 
frequency separation is greater than 240 mc. 


19.9 ANTENNA AND WAVEGUIDE 


The TH system employs the KS- 15676 Horn-Reflector antenna and circular 
waveguide, shown in Fig. 19-7. 


Three types of coupling devices are provided for connecting the TH equip- 
ment to the circular waveguide installation. If a two-antenna per direction 
arrangement is used - one antenna for transmitting and one for receiving - 
and the number of two-way channels does not exceed four, then a simple 
rectangular-to-circular waveguide transducer may be employed. This 
transducer is similar to the ED-59410-90 transducer available for the TD-2 
(4kmc)s system. a 


For a single antenna arrangement or for a two-antenna arrangement han- 
dling more than four one-way channels, it is necessary to employ both 
polarizations on each antenna. A special coupler will be required for this 
purpose, similar in design to the 1iA ene available for the TD-2 System 
and described in P, E. L. a 
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Where it is planned to use a common antenna and circular waveguide installa- 
tion for both TD-2 and TH systems, a systems combining network will be | 
required. This network, described in P.E.L. 5438, will also make it 
possible to connect a TJ (11 kmc) system to the circular waveguide run and 
horn-reflector antenna. . 


19.10 TH REPEATER 


In the foregoing sections the various components of the TH repeater have 
been described individually. To produce a repeater these components will 
be combined as illustrated in Figure 19—8. The channel separation 
networks shown are similar in design to those used in the TD-2. system. 


Radio Repeater Stations are stations which provide transmission gain « or 
maintain line-of-sight paths, or do both. They comprise the majority of 
the stations in any large system and are normally unattended. When any 
facility beyond fixed equalizers or pads is added at a repeater station, such 
as a television enoe it will then be classified as a main station. 


The spacing of main stations along the radio relay route depends. partly on 


traffic, maintenance, or other considerations. Onan average, however, a 
main station occurs every fifth or sixth station. This is a maintenance 
requirement since sections of the radio system between main stations will 
normally be operated as a unit. In the arrangements of the TH system, it | 
is expected that not more than ten radio links will be permitted without a 
protection switchi ing station. 


Normally end and Pataenie uate main stations will have similar facilities for 
switching, testing, and branching. At end main stations, all of the regular 
channels terminate in baseband facilities, whereas in intermediate main | 
stations the channels may terminate or be connected through the station at 
intermediate frequency. : 


19.11 COORDINATION AND INTERCONNECTION OF TH AND TD-2 


The intermediate frequency band of the TD-2 system extends from about 60 
to 80 mc. The TH intermediate frequency band is approximately 58 to 
90 mc. Both systems use a maximum deviation of +4 me. Itis possible, 
therefore, to transmit from a TD-2 system into a TH system and make the 
interconnection at intermediate frequency. Obviously, however, a connec- 
tion from a TH system into a TD-2 system cannot be made at IF on account 
of the narrower band width of the TD-2 system. | 
As discussed or implied in preceding sections, TD-2 and TH systems can 
be installed on the same route, using common sites, common buildings, 
towers, antennas and waveguides. Power supplies, alarm and control equip - 
ment and automatic switching for the two systems would be separate, 
although some of the spare circuits on the TH auxiliary channel could be 
used to provide order, alarm and control circuits for the TD-2. 
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CHAPTER 20 
TJ RADIO SYSTEM 


20,1 INTRODUCTION 


The TJ Microwave system provides short-haul line-of-sight facilities for 
rrequency modulated microwave transmission of monochrome or color tele- 
vision Signals, multiplex telephony, or other broadband communication 
Signals, ‘The system operates in the common-carrier frequency band be- 
tween 10, 700 and 11,700 megacycles, and provides as many as six broad-_ 
band 2-way communication channels. The number of message circuits 
obiainable in a single broadband channel of TJ radio is a function of many — 
variables. The length of the system, its signal-to-noise ratio, fading mar- 
gin, intermodulation products, the delay equalization, and the permissible 
degradation of transmission are some of the more important factors. 


In TJ vadio, each 2-way broadband channel is designed to transmit 96 ON2 
type message circuits, or 240 message circuits (lower super groups) of L 
carrier over ten hops for a total: distance of about 200 miles. Suitable out- 
side supplier message carrier equipment may also be used. In television © 
service each radio channel is designed to transmit one standard mono- 
chrome or NTSC color teievision signal over six hops for a distance of about 
100 miles. The repeater spacings for either message or television applica- 
tion will average between 15 and 25 miles, depending upon the terrain, , 
over-all economies, fading, the expected rate of rainfall, and other micro-~ 
wave considerations. 7 


For maximum reliability and protection against multipath fading and equip- 
ment failure the TJ radio system can be operated as a one-for-one frequency 
diversity system. In this system two channels are used in pairs anda 
diversity switch and transmission unit provides facilities for comparing the | 
signals from both channels and through a logic or control circuit determines 
which channel shouid be used, When operated in this manner, as it will for 
general Bell System use, a fully loaded system provides three working and 
three protection channels in each direction of transrnission. 


The basic element of the TJ system is the transmitter-receiver bay which 
includes a transmitter, receiver, and associated power supply operating 
from I!17 volis ac. All equipment and adjustments are accessible from the 
front. Plug-in equipment units are used to reduce down-time and facilitate 
maintenance. Equipment components are derated for extended life and re- 
liability. Waveguide connections to the bay are made with flexible waveguide 
to facilitate installation. The Dl alarm system and the required number of 
diversity switch units, plus the associated 117 volt ac operated power sup- 
plies are contained in a separate order wire, alarm, and control bay. 
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JA. single antenna with nei polarization i is seed in each dinection of trans - 
mission for simultaneous transmission and reception. As many as six 
transmitters and six receivers may be connected to a single antenna through 
channel dropping and combining networks. The antenna system of TJ radio 
must be engineered to obtain line-of-sight transmission with adequate © 
clearance. There are several methods of arranging the antenna systems, 
‘depending on terrain, building, and other considerations: 


(a) If the radio equipment is located on a hill or in a tall building, where 
_ there is adequate clearance, the parabolic antenna may be located on 
the building roof, or affixed to a side wall and SaeGey, ete A to 
the distant station. 


{b) If there is inpasquates clearance, a tower will be necessary, in which 
case there are two methods which can be used: 


(1) The antenna can be mounted on the radio station roof just above the 
. radio equipment, and directed vertically to a reflector on the tower 
which mounts at approximately 45 degrees. This reflector redirects 
the beam horizontally to the next station. It is expected that this- 
method will cover the majority of installations ped Ene towers. 


(2) The aoeeneiies snrenna may be located on the tower and Seeiel 
_ directly toward the distant station. This arrangement requires 
long waveguide runs with accompanying greater attenuation. 
However, there will be applications where reflectors are not 
practical where this method should be used. 


Material covered in later paragraphs will discuss in greater detail the tower 
and: antenna considerations. 


The beam width of TJ radio is comparatively narrow and must be directed 
“within closely held margins. Rigidity of construction is a requirement 
which has been designed into the antenna and towers, and must be con- 
‘sidered in the design of any supporting structures not controlled by this or 
supplementary specifications. 3 7 


20.2 TJ FREQUENCY PLAN 


Figure 20-1 illustrates the frequency plan for the TI system. 


In‘order to prevent interference from other TJ stations on a particular 
route, and to insure that.a given receiver will demodulate radio energy 
from only one radio transmitter the TJ system uses 24 radio ae fre- 
‘quencies and two polarizations. 
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The 1, 000-megacycle frequency band between 10, 700 mc and 11,700 mc is _ 
divided into 24 channels with 40 mc separation between midchannel fre- 
quencies. (See Table A.) | | 


On any one system hop alternate channels (12 total) having 80 mc separation 
are used. These channels are alternately polarized giving 160 mc separa- 
tion between adjacent channels of the same polarization. The adjacent radio 
paths use the alternate 12 channels resulting in 40 mc separation between 
channels on opposite sides of a repeater station. To provide adequate fre- 
quency separation between transmission and receiving at any one station, 
the upper half of the frequency band is allocated to transmitting when the 
lower half is receiving. Since transmitters work into receivers of the same 
frequencies, alternate stations will necessarily be inverted, with receiving 
in the upper half and transmitting in the lower half of the frequency band. 

In addition, reference to Table A will show that the separation between the 
two channels adjacent to midband is 90 mc rather than 40 mc. This fulfills 
the requirement for a‘minimum separation of 130 mc (90 + 40) between any 
transmitting and receiving channel combined at one antenna. | 


20.3 MEETING TRANSMISSION OBJECTIVES - MULTIPATH FADING 


Multipath fading for the 11 KMC frequency band (TJ) is expected to be essen-_ 
tially the same as path fading in the 4 KMC (TD-2) and 6 KMC (TH) frequency 
bands. The number of fades per given period is expected to be greater for 
the ll KMC band. Multipath fading is basically an atmospheric problem = 
where the theoretical path loss for a microwave signal varies from the line 
of sight path calculation due to changes in air temperature and humidity. 
Since the fading pattern varies with frequency it has been found that two 
microwave signals in the 11 KMC band will have fade at different times if 
displaced by 240 MC. This makes it possible to obtain a good toll quality | 
circuit for a long period of time using the frequency diversity system with a 
signal comparator switching unit on the receiving end of a radio link. — 


Diversity Switching is used with the TJ radio system to provide a one for | 
one spare radio path. This affords protection against equipment failure and_ . 
fades. The transmitting portion of the diversity switch allows two TJ radio — 
transmitters to be fed with the same baseband information and it also adds 

a 3,700 cycle pilot tone to the transmitted signal... The receiving side of 

the diversity switch may be divided into two sections. In one the 3, 700 
cycle pilot tone is sensed from each receiver. If the pilot tone is lost, the | 
channel is assumed to have failed and will be locked out to prevent the drop 
side from being connected to a bad channel. In addition an appropriate 
alarm is transmitted. The second section of the diversity switch panel 
consists of a logic circuit which determines the signal strength at each 
receiver. This circuit will cause the drop side to be connected to the best 
radio path at all times. It is this portion of the diversity circuit which re- 
moves one of the large objections to 11 KMC operation, namely the effects 
of fades. | 
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TABLE A 
Channel Center 
| Frequency in KMC | Channel | 
| KMC = 1,000'mc | Number > Letter | 
10.715 4 
10,755 l 
10.795 10 
10. 835 11 
30. 875 6 
10.915 7 A 

10,955 2 
~ 10,995 3 
11.03 | 12 
11.075 9 
11.115 8 
11.155 5 
11.245 — 9 
(11.285 12 
11.325 5 

11. 365 8 

11.405 i 

= 11,445 4. | B 

11.485 il 
11.525 10 
11.565 7 
11,605 6 
11.645 3 
11.685 2 


The 'TI'' terminal station frequency Brena mere is derived from the fol - 
lowing data: 7 


A-l) - All channels transmitting North or East have odd numbers. 
2) - All channels a South or | West have even numbers. 


B - All channels transmitting in one direction on a specific hop are 
designed A; in the PUReee ee CeciOn B. | 


C - Two channels ethin a aaa erouP are Cepeettety peineed: 
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Meetin haneiaissien Objectives - Polarization 


With the exception ofa. short length of circular waveguide at thé antenna and 
the antenna feed itself, rectangular waveguide is used exclusively by the TJ 

radio system. In stich waveguide at wave lengths less than cutoff value, the 
electric field representing the dominant mode is transverse to the guide axis 
and extends between the two walls that are closest eer 


In circular waveguide the nee circular mode is introduced into the guide 
will run across the tubing. 3 | 


It is possible by the use of a special piece of wavewude plumbing to intro- 
duce two polarizations into.a section of circular waveguide. This unit for 
the 11 KMC band is designated as a 1405A dual polarizer. When applied to 
free air transmission the two types of polarizations are known as horizontal 
where the electric field will be propagated parallel to the earth's surface 
and vertical where it will be perpendicular to the earth's surface. Hence in 
any given TJ transmission path as mentioned above, the signal from one 
diversity pair will be ctoss PD OLaT Zee i . 


20.4 npn TRANSMISSION - 


The Western Electric type 445A Reflex eiiysteon secdilaies is the heart ve 
the TJ transmitter. This klystron has a normal operating frequency range 
of 10.7 to 11.7 KMC (KMC = 1, 000 MC) with a power output of 1/2 watt. 
The klystron assembly as applied to TJ radio is air cooled by a self con- 
tained blowé?+. The 445A is essentially a single cavity klystron which 
produces an F, M. signal by application of an amplified base band signal to 
its repeller, 


It might be. well to ents: at this point the ferrite isolator, a radio check 
valve, - since these units are used throughout the TJ system, 


In brief the ferrite isolator (Western Electric IA) is a special section of 
waveguide cotitaining 4 section of ferrite material. The entire unit is then 
placed with the field of a strong perrnanent magnet, The resulting device 
will pass microwave frequencies quite freely in one direction but will show 
a réturh loss approximately 30 DB. These units are placed in the waveguide 
‘configuration just after every transmitting klystron to prevent reflected 
energy from causing klystron pulling (i.e., change in normal operating 
frequency due to the insertion of a delayed wave or new frequency into a 
klystron cavity.) These units are also pared in the waveguide connecting 
the transmitter and receivers of a TJ system in a common antenna system — 
when any receiver from the 7 to 12 group. This is required to eliminate 
beat frequencies produced by the combination of several receiver focal. 
oscillators, 
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The TJ radio transmitter - receiver bay, Figure 20-2 provides the equip- 
ment for a single one way channel at a repeater station, or the transmitting 
and receiving equipment for separate channels at a repeater or at a termi- 
nal point. The equipment consists ofa single frame which has two funda- 
mental divisions: : 


{a) Receiver 
fb) Transmitter 


The equipment is so arranged that either a transmitter, receiver, or both 
may be furnished. A common power supply is provided on the bay, having 
a strapping arrangement to keep the load relatively constant regardless of 
the equipment arrangement, | 


20.5 TRANSMITTER OPERATION 


Transmission of a baseband signal hegins at some V.F. frequency device- 
telephone, telegraph, or pulse system such as SAGE. These V.F. signals 
are passed through a multiplexing device which combines up to 240 channels 
into one broad band spectrum. The signal then enters the 124 ohm baseband 
amplifier and is amplified sufficiently to deviate the transmitting klystron 

to a maximum of 8 MC peak to peak. A portion of the transmitted signal 
then enters the transmitter automatic frequency control circuit which serves 
to keep the transmitter on frequency by means of an electromechanical servo 
system and an Invar cavity tuned to the operating frequency. This portion | 
of the transmitter also contains a directional coupler for sampling a small | 
amount of power to provide an indication of output power and to energize 
alarms in the event os output failure. 


Next, the transmitted signal enters the isolator which transmits freely in 
the forward direction while absorbing reflections arising in the waveguide 
and antenna system which would otherwise distort the FM microwave signal. 
At the output of the isolator, a waveguide switch is provided to permit test- 
ing and adjusting the transmitter without inadvertently emitting an interfer - 
ing signal. The transmitted signal then reaches the channel combining 
network, where it is combined with the other transmitted frequencies from 
the associated transmitter bays. The combined signals are fed into the 
polarization combining network which combines the horizontally and verti- 
cally polarized signals. The composite signal is transmitted by means of 
circular waveguide to aS antenna ie See mEUES 20-3. 


20.6 RECEIVER OPERATION _ 


At an antenna the incoming microwave signal from a distant station may 
consist of from one to six radio channels. This complex signal is received 
by either a paraboloidal antenna directed toward the next station or a com- 
bination of an elevated microwave reflector and its associated paraboloidal 
antenna, The signal is then carried through circular waveguide to a 
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polarization separation eer which separates the horizontally and verti- 
cally polarized frequencies.. The separately polarized channels are trans- 
mitted through rectangular waveguide to the radio transmitter-receiver 
bays. In a particular bay, the received signal | enters a channel separation 
network which selects the particular signal required for that receiving 
channel, The desired-signal then enters the receiver through a waveguide 
spacér, a band-pass filter, a 403A tuner, and finally through a second 
waveguide spacer to the balanced silicon diode modulator. Although the sum 
of the spacer lengths is held constant to provide a constant over-all length | 
of the waveguide connecting the channel separation network to the receiver 
modulator, the lengths of the individual spacers are determined by the | 

received frequency. The spacer lengths are selected to minimize the over- 
all receiver noise figure by insuring that the image frequency developed in 
the mixer is reflected back into the mixer in the aie phase, 


In the balanced eaSdulutor, ihe iné¢oming signal is combined with the Oakbue 
of the receiver local oscillator, a reflex klystron, and the resulting 70-mc 
IF signal is amplified in a low-noise IF preamplifier. For message service, 
the signal from the preamplifier is connected directly to the IF main ampli- 
fier by means of coaxial cable; however, for television applications a delay 
equalizer is required between the preamplifier and the IF main amplifier, 


a 20.8 ALARMS 


The D-2 alarm system has been designed for use with TJ radio. This alarm 
system is basically a single tone 2,600 cycle device using step switching. 

It is combined with an orderwire circuit and transmitted over the baseband 
of the initial TJ diversity pair installed on a given system. By means of © 

_ loop testing it is possible with this device to locate trouble on a TJ route 
from one central maintenance center on the route.. : 
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21.1 INTRODUCTION — 


The TL~-2 system is designed to meet the expanding requirements for an 
economical short-haul light route microwave system, The system provides 
broadband radio channels in the |1, 000 megacycle common carrier range 
for telephone, data, facsimile, teletypewriter and other services. The 
present system design does not provide for television transmission, Sig- 
nificant savings of power and space, high equipment reliability, and reduc- 
tion of testing and maintenance time are achieved by the extensive use of 
‘solid state devices, The only "electron tube'' devices in the TL system are 
two Klystrons used as microwave oscillators. The system is intended to 
have application in at least three areas of need; namely, short very light 
toll or tributary trunk routes, supplementary circuits along somewhat 
heavier routes and private line telephone service routes. 


21.2 TL-2 FREQUENCY PLAN 


The system operates on any of 24 channel assignments standardized in the | 
common carrier band between 10,700 and 11,700 megacycles as shown in 
figure 21-1. Fully loaded, the TL system is capable of handling six two- | 
way broadband microwave channels when used as a non-diversity system, — 
or three channels with one-for-one frequency diversity. Although the system 
design provides for short-haul service over distances in the order of 20 to. 
75 miles, the maximum system length in dry regions topographically suited 
for optimum microwave transmission may approximate 200 miles. TL 
transmission in the 11,000 megacycle band eliminates the problem of inter - 
ference with long-haul systems like TH and TD-2 in lower common carrier . 
bands. Transmission in this band also allows TL microwave to be inte- 
grated with existing TJ routes where expansion or diversification of TJ 
routes is desired, In addition, order wire and alarm systems or light | 
route spurs for existing or new microwave systems in lower bands can be 

_ provided in many cases by using 11,000 MC. TL microwave equipment, 


21.3 CHANNELIZING ARRANGEMENTS 
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N | i | | 48 
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Although designed primarily ae use as a light-route ees. carrying a 
relatively small section of message circuits, the TL radio system is ex- 
tremely flexible and will accommodate many different types of channelizing 
equipment as shown above. Among these are the present ON, N and L 
multiplexing arrangements, as well as the new transistorized versions of 
these systems under development. Also developed for use with TL radio is 
T-1 Carrier combining equipment. This will permit the use of the solid 
state pulse code modulation (PCM) multiplex. “Since the FM radio frequency 
signal is reduced to baseband at each repeater and terminal, dropping and 
inserting of message circuits is simplified. 


ON, N, and L Multiplex Equipment 
a oe REE abide 1d at tn eee oe aces 


An 8 to 48 channel ON carrier package will be available for use with the TL 
system. Also available is the existing L-type multiplex equipment using the 
A-5 channel bank. Both the N and L carrier multiplex equipment which is 
currently being redesigned to make full use of solid state devices will be ar- 
ranged for use with TL microwave. In addition, proposed 60, 120 and 240 
channel L packaged bays will also be euie Die for use. 


T-1 Carrier System | 


The stacking of two 24- channel groups of T- 1 carrier will provide 48 mes- 
sage circuits on TL radio. T-1 carrier with its 1.5 MC pulse rate is © 
expected to be attractive for providing a high speed data transmission 
facility over TL microwave. At present, it is planned to center the second 
T Carrier group of 24 channels at about 4,5 MC in the TL baseband. 


21,4 BASIC BUILDING BLOCK 


The basic building block for the TL System will be a cabinet containing a 
radio transmitter, ’a radio receiver, alarm and order wire equipment, 
power conversion equipment, multiplex dropping equipment and storage 
batteries as shown in figure 21-2. This basic unit would be completely 
equipped at the factory with the exception of the storage batteries. At the 
radio site it should only be necessary to mount the housing,’ install the 
batteries and connect the antenna, multiplex and AC power. This unit would 
be a radio terminal. Ata repeater there would be two such units, intercon- 
nected at baseband to form:a terminal type of repeater. Diversity, if 
applicable, would involve four such units at a repeater or two ata terminal. 
The equipment i: is designed for outdoor ambient pom eraeee of - 40°F. to 
120 F. 


The transmitter-receiver and associated power conversion unit uses solid 
state circuitry throughout except for the transmitting and receiving klystrons. 
Plug-in equipment includes the Receiver Unit and Control Panel. The Re- 
ceiver Unit (figure 21-3) includes the IF preamplifier, IF main amplifier, 

limiter discriminator, receiver baseband amplifier, and the receiver AFC 
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ak land: AGC a plifieea and squelch’ circuit. The Control Unit includes. meters 
aoe ‘and control circuitry. The transmitter baseband amplifier is a separate 
| unit mounted inside the Control Unit housing. Glerae 21-4) © 


egy. 5 KLYSTRONS AND FREQUENCY STABILITY 


a The TL. System will use a nominal power output of 100 milliwatts. ‘This 

: “power will provide adequate system performance over path lengths up to the 
order. of 7.5 to 20 miles depending on locality and geographical considera- 
tions. The Western Klystron (457A) is used for both the transmitter and . 
receiver local oscillator. The klystron when operated at the 100 milliwatt 
level. will be operating considerably below its full power capability. This 
results in | extended life, increased me Tia DUity and much less battery drain. 


An new vapor Pohaee soon: technique is used with the klystrons to obtain the 
— necessary frequency stability. The vapor phase cooler is a closed condens-+ 
-: -ing-system consisting of a boiler, a condenser, and an expansion chamber. 

’ “feat from the klystron transfers to the boiler, which has intimate contact 
.owith the klystron, and boils an inert fluorochemical liquid. ..Since the liquid 
“>. boils at nearly a constant temperature the klystron is held at essentially a 
_/* constant temperature and frequency stability of the klystron is achieved. 
se of the vapor phase cooler eliminates the need for transmitter automatic 
\s frequency control, Figure 21-5 shows a photo of the transmitter-receiver 
ee spanel equipment with the klystron cooling arrangement. 


. “ai, 6 TRANSMITTER -RECEIVER BAY 


os A {ratismitter- -receiver bay mounting is provided for central office or radio 
_.. .hut-applications.. (figure 21-6) The equipment is mounted in a single 19". 
relay rack with space provided in the bottom of the bay for batteries. Any — 
- multiplexing equipment required will be mounted in a separate bay. 


@ 


a “a. : DIVERSITY SWITCH 


we Where service reliability eevee: diversity protection will normally not be 
Oe “provided. for the TL system. In much of the country, paths are not expected 
_..  to-be of such length as to require protection from selective fading. However, 
eee cl ‘dry. mountainous regions, ‘where natural elevations and light rainfall make 
“the use of longer paths possible, selective fading may make diversity neces- 
oo Osary. ‘(figures 21-7 and 21-8) In these situations, fading will be positive at 
‘times. — Conditions that produce deep fades can alsozenhance the Signal as © 
.. much as 6 db over its free space value. In addition, equipment protection 

~~ “could be provided by frequency diversity, which might be needed in:situa- 

“.. tions where access for repair is difficult or where complete service protec - 
a tion 3 is } essential. 7 
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CHAPTER 21 TL-2 RADIO SYSTEM 
Two TL cabinets operated back-to-back make up a two-way non-diversity 


repeater; a two-way diversity repeater can be provided by installing four 
cabinets in back- torback pairs as in figure 21-9. 


The TL diversity switch is ‘located within the arene channel radio cabinet 
and occupies the space which is normally used for the order wire and alarm 
panel in non -diversity cabinets, The diversity switch uses solid state cir- 
cuitry except far the logic and Signal switching functions performed by wire 
spring relays, 


Basically, the ‘switch is controlled by 2,600 cps pilot monitors and a fade 
comparator circuit, The pilot monitors sense the presence of the same 
2,600 cps tone as used in the alarm system and provides the logic circuit 
with information on equipment failures. The comparator circuit monitors 
vario-losser currents in the receiver IF amplifers and notifies the logic 
circuit when one Pega ay fades relative to the other by a pre-determined 
amount. 


The diversity he oes sbefore-break contacts with hitless switch- | 
ing on fades, Switches due to equipment failures will result in transmission | 
interruptions of less than fifty milliseconds. 


In addition to the switch ecnirel function, ie coe circuit notifies the alarm 
system when a failure occurs on one of the received pilots. If both pilots 
fail simultaneously, which might occur when the pilot tone is temporarily 
removed, no ae indication is provided. 


21.8 POWER 


The TL System will operate from storage batteries through transistorized 
DC to DC converters, The batteries will be continuously charged from 
commercial 117 volt 60 cycle AG power and upon AC power failure the 
equipment will continue to operate on battery reserve until the voltages are 
reduced to some predetermined level. This system has the advantage of 
providing hitless operating when the commercial power fails and eliminates 
the need for costly standby power sets, Four 6-volt 100 ampere-hour high 
specific gravity lead-acid batteries are provided. At 0°F. they will sustain 
the system for akout 18 hours. At temperatures below O°F, somewhat less 
than 10 hours reserve can he expected. In emergencies, 6 or 12-volt com- 
mercial automobile batteries can be us ed. In the outdoor cabinet arrange - 
ment terminals are provided for connecting a portable engine-alternator 
during pena onmamercial ac pened failures. 


In general, it is: expected that central office ineralisdone of TL radio will 
utilize TL batteries rather than the regular central office power supply. In 
offices with 24-volts. available the cost of running feeders and of using up © 
office power. capacity could . easily exceed the battery cost. In 48-volt _ 
offices, there would be an additional cost for a dc voltage reducer. There- 
fore, standard options are not provided to omit TL batteries. If the use of 
an tired. SRnTERE attics HaSery ey is s desired _—* engineering is 
Fequize . 
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Figure 21-5 
TL Radio - System - T/R Paz Equipment 
With Klystron Cooling Arrangement - Front View 
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CHAPTER 21 TL-2 RADIO SYSTEM 


21.9 ORDER WIRE AND ALARM SYSTEMS 


A. simple and inexpensive order wire and alarm system is provided... “Bas- 
ically, the conditions alarmed are channel transmission, ac power, “Tow” - 
battery voltage, and tower lighting failures. Up to 11 radio stations: in the © 
same radio. system may be alarmed from oné main station alarm center, 


Both the. alarm and order wire circuit are derived from the same 4Swike 
circuit in the low end of the baseband. The 4-wire circuit will carry a _ 
2,600. cycle continuity tone’ arranged ona loop basis. A detector at the. 

alarm center will indicate interruption of the steady tone to provide an 

alarm alert telling of trouble in the system. The 2,600 cycle tone will be 

interrupted for a timed interval and then be automatically restored under 

all alarm conditions except for transmission failure of a non- diversity 
system. | | 


After receiving an alarm alert a series of discrete station tones must be 

manually applied to the order wire at. the alarm center for station trouble 

identification. All tones including the 2,600 cycles are generated from a 

- single oscillator which is manually keyed. A filter tuned to the discrete 
frequency of the station will pick off the tone and return it to the alarm — 

center if no trouble exists; If trouble exists a no tone or continuous coded” 

tone will be returned. The. discrete station tone conditions are: 


a. Full tone - station OK | 

b. No tone - radio failure. aaj os lightning arrestor failure 

¢, Code A. - battery voltage alarm 

d.. Code B - both top lights and/or ac power failure 

_e@, Code C - flasher failure. . | Z 
ee Code D - side light or lights and/or single top light failure. | 


‘The alarm system will locate all trouble conditions to the precise station 


7 except for radio equipment trouble. A radio transmission failure of a non- 


diversity system can be located to a particular station or preceding station 
in trouble where as fora diversity system a particule station. or one of the 
7 adjacent stations could. be. in trouble. | - 3 


‘Tower: lighting alarm equipnient will: not be included as anes of the ee TL 
Alarm Panel.’ For those cases where tower lighting alarms are required a 
_ separately mounted tower lighting alarm box will be: added to pe addi ~- 
- tional coding and alerting equipment. | : 


OA permanently wired connection to the order wire, with | a sais appearance | 
and plug-in telephone head set is provided at each radio station. Operation 
of a "signaling in'' key will create an alarm for calling the main station. No 
| feature is provided for calling the substation. | 
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Vig A typical TL microwave 
(#4 diversity repeater station. 
S99 

~~ 


Figure 21-9 Four Cabinets back-to-back 
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The order wire and alarm main station unit can be located anywhere pro- 
vided 4-wire voice facilities are used back to the near-end radio terminal 
station. The order wire is extendable over 4-wire voice facilities toa 
remote location from the main station unit or from a far-end radio terminal. 
Also, arrangements are available for extending the alarm from a main 
station unit by connection to a regular central office alarm sending circuit. 
However, it should be noted that station interrogation to determine the loca- 
tion and nature of the trouble must be done anor the main station. 


21.10 ANTENNAS AND REFLECTORS 


It is expected that TL radio will normally use 5 ft. dish antennas (KS-16386) 
and 6' x 8' plane reflectors (KS-16320 List 1) in "periscope" systems | 
(figure 21-10) and 5 ft. or 10 ft. dishes (KS-16386 or KS-15852) in direct 
radi ating systems. For long hops and tall towers, 8' x 12' plane or curved 
passive reflectors (KS- had List 2) may be Mae in conjunction with 5' 
dishes, : 


Initially, the standard KS-16386 will be used for horizontal mounting of a 5 
foot dish on an H-frame. support structure. Hardware will be made available 
for mounting this antenna in a vertical position on a tower. Where roof 
mounting is required, the standard TJ radio arrangements will be used. 


Development is preceding on a standard type antenna mount for 5 foot dishes, 
which may be used for either horizontal or vertical mounting in the TL 
system. | 


21.11 WAVEGUIDE 
Waveguide connections are made between the dish antennas and the radio 
equipment in the cabinets or bays using the polarizer when required and 


rectangular waveguide components developed for TJ systems. Waveguide 
runs from the antenna to the cabinet consist of rigid and flexible sections. 


Generally, in the TL system, it is not planned to use a dehydrator for 
pressurizing the waveguide with dry air to prevent condensation of moisture. 
However, to care for vertical runs of waveguide on towers, standard arrange- 
ments will be provided for an opening at the bottom of the waveguide run to 
permit drainage of any condensation. : 
21.12 TOWERS 
Three types of ae supporting structures have pecs developed specifi - 
cally for TL Radio as follows: 3 | 

_ Heights (ft. ) 


1, Steel - Guyed Tower . 75, 90, and 105 
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CHAPTER 21 TL-2 RADIO SYSTEM 
21.12 TOWERS (Cont'd,) Oo 
7 fy Heights (ft. ) 


2. Steel - Self-Supporting Tower 30,45, 60, 75,90 & 105 
3. woes Hy Frame | | Up to 60 


These towers are designed for 30 PSF wind loading, including 1/2 inch of " 
radial ice, whieh  mhegis he adequate for the typical areas of TL ‘application, 


ee # SUMMARY | 
- PRINCI AL CHARACTERISTICS OF TL: aie 


- System Capacity | 
System Length > : 

| Repeater Spacing | 

Multiplex — 


Dropping 
Radio ‘Spurs 
Transmitter. Output 


Basic Equipment vi-4 


Power: Primary | 
Reserve = 


Baseband Bandwidth | 
Frequency As signment 
Frequency Diversity “ 
Ambient T emperature | 


Towers 
Antenna 
Alarms 
Order Wire. 


Housing — 


600 Message Circuits =. 
250 Mi. /10 Hops, (Short- haul) 


| 7. 5 to 20 Miles 


2to48 Circuits 


One Per Repeater 


| 100 Milliwatts He 


Simple Paaneniceer -Receiver Box 


117 V. 60 Cycle AG 
Storage Batteries i 


6 Mc | 
10.7 - 11.7 kme = 


Available 
_ Outdoors (-40° to +120°F) 
100! Guyed weoden H Pome. 


or Steel Tower 


; 5! sae 10' arabolas | 


+ 6' x 8! and 8! x ter reflectors — 


| ‘Simple Loop System 


- Built- -~in 


Outdoor Cabinet 
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TM-l RADIO SYSTEM 


22,1 GENERAL 


In common with TL-2, TM-1 will feature compact design, high reliability, 
battery operation, simplified maintenance, low cost, and will be completely 
transistorized except for the transmitter and receiver klystrons. The 
basic TM-l1 radio equipment units will be applicable to either message or 
television transmission. 


Since the 6 gc frequency band offers freedom from rain propagation outage 
experienced on ll ge systems, common carriers have made extensive use 
of 6 gc frequencies for short haul and long haul systems. However, there 
hag. been mounting concern that the widespread usage of 6 gc frequencies 
will exhaust the 6 gc band prematurely. Application of 6 gc frequencies 

on one-for-one frequency diversity systems is of particular concern, and 
considerable attention has been focussed on alternatives which would better 
_ canserve 6 gc frequencies. 


Crossband diversity utilizing one 6 gc channel in diversity with an 11 gc 
channel minimizes usage of 6 gc frequencies at substantially no sacrifice 
in reliability or economy over 6 gc diversity operation. TM-1, therefore, 
is designed to be applied in crossband diversity with a channel of 1l gc TJ, 
TL, or TL-2 and has been presented to the FCC Staff on the basis of 
crossband diversity application. TM-1 in combination with TJ, TL, or 
TL-2 is being designed to meet a 10 hop yearly outage objective of .02% 
for all causes in any area of the country when applied on the basis of the 
TM-1 hop capability. 


22.2 TRANSMISSION | 


The TM-l1 design capacity is shown in Table A. These figures assume 
hop lengths which will yield a minimum received signal of -45 dbm and 

35 dbrn (C weighting) at the OTLP (29 dbaO) maximum noise in the worst 
mesgage circuit, The -45 input signal includes a 3 db maintenance margin 
to allow for minor imperfections in system lineup, degradation of the 
system with time and such matters. It will be noted that TM-1 is being 
designed to meet an objective of 35 dbrnO which represents a 2 db reduction 
in allowable noise over the previous objective of 37 dbrnO. The capacities 
indicated in Table A are design objectives subject to verification on 
working equipment. For network television service, color standards and 
spur route operation are assumed. In the case of monochrome ETV 
service, it is expected that the maximum allowable number of hops will 
exceed 10; however, tests on working equipment are required to determine 
a more final figure. 
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Table A 


TM- 1: Radio Channel Design Capacity 


Type of _ Message | | Number 


Load > Circuits © | of Hops— 
L Carrier 600 _ 10 
“ON, Re 96 | 40 
Nt = 48 —. . 40 
—. Network TV S | ee odie  ~ 3 
ms ETV a 4 eS fo Oe SF 


* 1 TV channel per radio channel. : 

Table B shows che prine foal transmission seracres hice oe TM- 1 and —— 

TL-2 as. designed for application ina eno separ ae aD oh gaia 
‘Table B 


 TM=-1 and TL-2.Characteristics : 


TL-2 | a - 2 0 AT Mel 7 
RF ieadiianeis hana | 10. a go -11.7 gc 5.925 gc - 6.425 go © 
Becdeeny Plan _ TJ Plan -. Split Channel TH... 
| 7 ‘Bee pha a) 
Number of Available RF Channels 24 ae 7 | 
Transmitter Power (Minimum) +20 dbm +20 dbm_ 
Transmitter Frequency Stability | 10.05% £0, 02% © 
Rated Peak Deviation +5 mc es, ES ae" 
Nominal Receiver Input | -45 dbm ne x (75. dbm_ 
Receiver Noise Figure | ~ 11 db - 11 db © 
(Receiver Inputs of -45 dbm or s 
lower) | : e * 7 7 
Fading Margin | > & .  30db(min,) 30 db (min. ) -2 
IF Center Frequency 2 | 70 me 70 me 
IF Bandwidth | 20 mc 7 l6mc - 
Baseband Width 3  1l0cps-6me |: 10 cps - 6mc . 
Amount of Pre-emphasis | S  Qidbr * +« Q9db 
(600 channels) | : | Dyan Stee, 
Maximum Hops Per Alarm Section _ es »LO« oe ee eee 


For television services, both TM-1 and Ts 2 will be arranged to accept a 
and deliver a 0 dbv video signal. The video output signal will be unclamped 
and input and output impedances will be 75 ohms unbalanced. | 7 
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22.3 FREQUENCY PLAN 


Figure 22-1 shows the TM-1 frequency plan together with the TH frequency 
plan. Since TM-1 can carry 600 voice channels, as contrasted to 1860 
voice channels for TH, less RF bandwidth is required for TM-1 than for 

TH. It will be noted in Figure 1 that the TM-1 frequency plan places 2 RF 
channels in each TH channel assignment. The TM-I1 carriers are spaced 
approximately 15 megacycles apart, and are displaced about 7.5 megacycles 
from each TH broadband carrier. A total of 32 RF channels are therefore 
provided in the TM-1 frequency plan which is referred to as the Split 
Channel TH Frequency Plan. 


The Split Channel TH Plan as applied at a repeater is shown in Figure 22-1. 
It will be noted that this is a high-low frequency plan. At the station shown, 
all transmitters are assigned to the 16 high channel frequencies, and the 
receivers are assigned to the 16 low channel frequencies. At the next 

_ repeater, all transmitters would be assigned to the 16 low channel frequen- 
cies and the receivers would be assigned to the 16 high channel frequencies, 
Figure 1 also shows that adjacent channel frequencies are assigned to 
opposite directions of transmission. Each direction of transmission is 
further subdivided into horizontal and vertical polarization, Ina given. 
direction of transmission the Split Channel TH Plan, as applied to TM-1, 
provides for a total of 8 two-way channels; 4 polarized vertically and 4 
polariz ed moniZonta ny 


22.4 DIVERSITY TECHNIQUES 


It is planned to make the following three diversity techniques available for 
application of TM-l1 with 11 gc systems. 


1. Revertive Switch - where the switch prefers closure on one diversity 
channel over the other channel. Switch transfer and closure on the 
non-preferred channel takes place only during periods of non- 
correlated failure or deep fading on the preferred channel and reverts 
to the preferred channel when the trouble on it disappears. Revertive 
switching is desirable on hops where there is a significant difference 
in.the noise Penne of the diversity channels. 


2. Linear Combiner - where both channels of the diversity pair are 
combined to give one output. When the two channels which are to be 
combined yield exactly the same noise performance, a noise im- 
provement of 3 db will result. If the noise performance of the two 
channels differ by 2 db, an improvement of about 2 db over the better 
channel will result. There will be no combiner improvement over 
the better channel if the noise performance of the two channels differ 

-. by more than 4.8 db. Any noise improvement through application of 
combiners on a system could be translated into increased capacity; 
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however, at this early stage in development, it is recommended that 
combiner advantage be omitted from system design estimates since 
an evaluation of the specific design must be made to.determine | 
realizable gains under various operating conditions. The linear. 
combiner is expected to be applicable on TM-1/TL-2 systems where © 
noise performance versus received signal power for a given load is 
expected to be practically the same. Present plans are to provide 
linear combiner arrangements only for TM-1/TL-2 application. 


3. Bistable Switch - where the switch closes on one channel of the diversi-. 
| ty pair until that channel fails, or fades a predetermined amount — ; 
relative to the other channel, whereupon the switch transfers and 

closes on the better channel. This is the present diversity technique 
employed on TJ, TLand TL-2 and it is expected to have limited | 
application when these Byete mG are used with: TM. 


ad. 5 ANTENNAS | 


There will be two antenna types initially available for 6/11 gc ere 
operation; the horn reflector and a dual-frequency antenna manufactured 
by the Gabriel COnipeny: | 3 | 


The horn reflector will accomodate dual polacientiorns at both the 6 gc and 
ll gc frequencies and, therefore, can accommodate 8 two-way channels 
of 6 gc TM-1 plus 6 two-way 11 gc channels or up to 6 two-way crossband 
diversity channels plus 2 two-way 6 gc channels. | 


The Gabriel dual- -frequency antenna, shown in Figure 22-2, provides for | 
dual polarization in the 11 gc band and plane polarization in the 6 gc band 
on 3 separate rectangular waveguide feed lines. Although the Gabriel 
antenna is offered in sizes from 4 to 16 feet in diameter, it is planned 

to provide standard mounting arrangements and KS specifications for the © 
6 and 10 foot sizes only. This antenna design will accommodate up to 4 © 
two-way channels of 6 gc: TM-1 plus 6 two-way 11 gc channels or up to 

4 two-way crossband diversity channels plus 2 two-way 11 gc channels. 
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Fig. 22-2 Gabriel 


CHAPTER 23 


MICROWAVE TRANSMISSION CONSIDERATIONS 


23.1 GENERAL 


Radio wave propagation is by means of sky waves, ground waves or space 
waves, Since the ground wave has very high attenuation, and since the sky 
wave is reflected at such an angle that it misses the earth's surface, the 
Space wave is the only useful method of propagation at microwave frequen- 
cies. As previously mentioned, the space wave consists of two components, 
a direct component and a reflected component as indicated in Figure 23-la. 
The direct component is subject to bending or refraction by atmospheric 
conditions as is also the reflected wave, however, as discussed later, these 
conditions occur at infrequent intervals. 


If radio energy is considered to be radiated from a point source or isotropic 
antenna, the wave front will be in the form of the surface of a sphere having 
a radius which is expanding at the speed of light. A reflector or reflector 
and lens system would concentrate the radiation into a narrow cone or | 
pyramid but the wave front would still be spherical. These conditions are 
indicated in Figures 23-lb and 23-lc. Although a plane wave front is 
desired, it is impractical to obtain with present radiating systems. This 
effect of the rapidly expanding sphere or section of a sphere is known as 
dispersion and results in dispersion losses. | 


If an antenna having an area of one square foot is placed at a distance from 
a transmitting antenna such that it will correspond to 1/100 of the surface 
of the spherical wave front at that distance, it is apparent that only a small 
portion of the total radiated energy will be intercepted. Bearing in mind 
that the surface of a sphere is proportional to the square of the radius, it 
becomes evident that when the one square foot receiving antenna is moved 
twice as far from the transmitting antenna, it will then cover only one- 
quarter as much of the area of the spherical wave front and will therefore 
receive one-quarter as much power as it did originally. A four to one 
reduction in power corresponds to a loss of 6 db. It thus becomes apparent 
that each time the distance between the transmitting and receiving antennas _ 
-is doubled the effective loss is increased by only 6db. This assumes, of 
course, that there is no change in antenna configuration at either end when 
the distance is doubled. 
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23.2 LINE OF SIGHT CONSIDERATIONS 


It was pointed out earlier that microwave propagation follows optical prin- 
ciples and that if an electrically opaque object is placed in the path, a 
shadow results which would increase the path loss. It was-also pointed out 
that the shadow could be produced by intervening objects such as buildings, 
a water tower or the surface of the earth due to the earth's curvature. To 
provide the minimum path loss between two antennas, it is therefore | 
apparent that there must be the equivalent of an optical line of sight between 
the two antennas. It has been determined that at 4kmec a receiving antenna 
located behind a steep hill 500 feet high and ten miles distant from a trans- 
mitter would experience a loss of approximately 30 db as compared toa 
receiving antenna located at the top of the hill with a clear line of sight. 
It is also possible to experience a loss from an intervening object which 
produces a knife edge effect such as the edge of a sharp cliff. If the radio 
beam just grazes an edge of this type, diffraction or bending of the beam 
occurs just as in the case of light. This type of obstruction in the line of | 
Sight path may introduce losses of as much as 20 db or more. 


2 2 3 CLEARANCE 


In addition to clear en line-of-sight, there must be further height of | 

the beam above intervening obstacles to obtain minimum loss between the 
transmitting and receiving antennas. By referring to Figure 23-la it will 
be seen that the receiving antenna is energized by radio waves arriving from 
two different directions; one the direct path, and another the reflected path. 
If the reflecting surface is near the line-of-sight, the reflected wave will 
have traveled over a longer path than the direct wave and will have been 
shifted by 180° in phase at the reflection point. Consequently, the direct 
and reflected waves will not combine in phase and the useful energy at the 
receiving antenna will have been reduced due to cancellation. 


As the line-of-sight is raised above, or away from, the interfering object. 
or the point of reflection, a condition will be reached where the reflected 
path will be one-half wave length longer than the direct path. Under this 
condition, the reflected energy will add to the direct energy in phase, _ 
resulting in a gain of about 6 db over the energy that would be received _ 
over the direct path alone. This condition is known as the firat Fresnel 
zone Of clearance. At the second Fresnel zone of clearance the reflected 
path will be a full wave length longer than the direct path and cancellation 
results. With third zone clearance, addition once more results. This — 
again is a situation which follows optical laws. - 


The loss in the clearance range up to the first Fresnel zone can reach . 
values as high as 60 db, with loss values in the order of 35 db at the _ 
second, fourth, sixth, eighth, etc., Fresnel zones. The gain over the 
free space loss in the first, third, fifth, seventh, etc., Fresnel zones is 
the order of 6 db. It therefore becomes apparent that a line-of-sight - 
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clearance canal to the first Fresnel zone is desirable from an economic - 
standpoint. Clearances in excess of the first Fresnel zone would require 
impractical antenna heights, whereas clearances substantially less than. 
the first Fresnel zone results in excessive loss. The loss. neo peererny is 
indicated in Figure 23-2a. | 


An equation may be derived which will indicate first Fresnel zone clearance. 
The direct path TR shown in Figure 23-2b is one-half wave length shorter 
than the reflected path TPR. .The dotted line is the locus for the point.P | 
under which first Fresnel zone clearance exists. The distances Dl and D2 
are expressed in miles from the ends of the path to the point under con-. 
sideration. The equation for the clearance C in Figure 20-2b then is: 


c=131.5 | 
\| DI + De 


If the wave iene hi is in meters, the clearance Speed a this. equation. | 
will be in feet. : | 


23. 4 FADING 


If transmission were stable, it would be possible to select antenna heights. 
so as to work on the peak of the characteristic where the widest maximum 
occurs at first Fresnel zone clearance as shown in Figure 23-2a. Atmos-_. 
pheric refraction or bending of the radio waves will change the effective | 
clearance and will become more serious as the reflection coefficient — | 
becomes higher. Some experimental facts have been observed with respect _ 
to fading, as follows: 


a. Pading: is greater at night than during the day; is greater in warm = 
and humid-seasons than in cool and dry seasons; is greater over 
water or smooth terrain than over rough ground; and is different 
in different panne of the country. , 


b. Geeund reflections are usually negligible in rough country; in smooth an 
terrain with numerous trees; and in urban areas with numerous | 
buildings of varying heights. 


c. On paths having strong ground reflections fading can be minimized - | 
by using one high and one low antenna. This could be accomplished © 
either with a mountain to valley path or from a high tower to a very. 
low tower. As a result of the above facts, empirical relationships ie 
have been worked out which can be applied to modify the clearance 


factor obtained in the above expression for paths that are predomi- | 


nantly over water or smooth barren country; or for paths that include . ; 
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irregular or wooded terrain; or urban areas with numerous buildings 
of varying height, and also for regions where dense ground fogs are 
common. These relationships are based upon experience and must 
be applied with engineering background and engineering judgment. 
The actual modifying factors can be obtained from texts which are 
devoted to the engineering of microwave paths. 


23.5 DUCTING 


At times, in the spectrum region above 30 megacycles, transmission beyond 
the horizon has taken place as the result of a phenomenon Known as ducts. 
Ducts appear to be a sort of atmospheric waveguide which may. be caused 
by moisture content and temperature variations that result in energy being 
conducted along the surface of the earth beyond the horizon. They provide 
a channel of high level energy beyond the earth's shadow area. This 
phenomenon has been used in several instances over moderate water path 
distances to provide temporary circuits during times when the elevation 
obtainable was not sufficient to overcome the effect of water reflections. 
The microwave antennas in these instances were found to function best 

at elevations of only a few feet above the surface of the water. It is not 
anticipated that this phenomenon would be utilized for normal transmission 
paths, | 


23.6 OVER THE HORIZON TRANSMISSION 


It has long been known that ultra-high frequencies travel over the horizon 
under certain conditions, but they were thought to be too weak and unde- 
pendable for practical use. In the course of investigating occasional inter - 
ference attributed to these waves, however, both the Bell Telephone 
Laboratories and the Massachusetts Institute of Technology discovered 

that many actually overshot the relay towers they were aimed at and arrived 
at points farther along the radio path with remarkable consistency. 


By erecting larger antennas such as shown in Figure 23-3, and by using 
higher power than is employed in the conventional microwave system, 
transmission has been accomplished over distances as great as 600 miles 
without intermediate relay. The effect of this system is very much like 
that of a powerful searchlight which casts a beam ina straight line. A 
searchlight aimed at the sky can be seen from the ground miles away, even 
when the searchlight is behind a hill. This is possible because some of 

the light is reflected to the ground by the atmosphere. 


In order to make use of over the horizon transmission, 100 kilowatt trans- 
mitters and 120 foot diameter antennas have been used. This is 20, 000 

_ times the power and 30 times the antenna area used in the present trans - 
continental microwave system. It was found necessary to employ the lower 
frequencies (in the UHF band) to develop, with available equipment, suf- 
ficient power to attain a satisfactory degree of reliability. 
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Over the horizon signals are not to be confused with a similar type of trans- 
mission known as "ionospheric scatter'' which is useful in long distance 
transmission of telegraph signals at relatively low frequencies. Unlike 
ionospheric signals, the over the horizon technique provides signals that 
are useful for the wide-band widths required for as aed, as 240 telephone 
pene re : 7 


23.7 NOISE 


As shown in Figure 23-4 noise of the static type, either natural or man- 
made, becomes less objectionable as the frequency is raised and is non- 
existent above about 1,000 megacycles. In the microwave region the thermal 
or resistance noise which originates in the front end or low level stages of 
the receiver is the controlling factor. : | . 


The interference to good transmission produced by noise is not so much 
dependent upon the absolute level of the noise as it is upon the relationship 
between the signal level and the noise level. Obviously, a given amount of 
noise would be much more disturbing when superimposed upon a received 
signal of 1 microvolt than would the same amount of noise when superimposed 
upon a received signal having a level of 2,000 microvolts. Accordingly, 
although a noise may be rated in terms of power related to 1 milliwatt,. it 
is more frequently expressed in terms of a ratio of signal to noise. It has 
been determined by subjective tests that a minimum television video — 
Signal-to-noise ratio of 40 db is required on an overall basis. This noise 
ratio of 40 db is eee oo in terms of a peak-to-peak signal and rms 
noise, : 


To achieve an overall signal-to-noise ratio of 40 db, the individual radio 
links must have.a much better signal to noise ratio. For example, ina 
three link system, to allow for radio fading and the individual contribution 

of each link, a signal-to-noise ratio of at least 52 db is required per link. 

To accomplish this with normal receiver signal levels, the receiver 
inherent noise output must be in the order of 85 to 90 db below 1 milliwatt. 
This places very stringent requirements on receiver design and maintenance. 


23.8 PATH LOSS 


The free space path loss between isotropic antennas ss) be computed,. in 
db, from the following expression: _ | 7 


— tabs 10 log anal! 


In this expression the wave levee (A) and the path length (d) are given: in 
the same units of length. Curves have been plotted for this relationship 
in terms of path length and transmission frequency, and are to be found 
in many of the texts associated with microwave transmission engineering. 
A typical curve is indicated in Figure 23-5. 
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By referring to the curve in Figure 23-5 (or by using the formula) it will be 
found that a 30 mile path at 4,000 megacycles has a loss of 138 dh. If horn 
reflector type antennas are used at each end of the path a gain, of 43 db per 
antenna can be expected. This reduces the path loss to 138 - 86 or 52 db. 


In an actual measurement of such a path loss, the attenuation of the wave- 
guide, waveguide filters and any other components included in the measuring 
path must be added to the 52 db to arrive at the correct overall loss.. This 
is also true when estimating the received power at the receiver input in 
terms of the power delivered by the transmitting tube. In practice, itis 
also customary to include additional loss to care for moderate fades and 
this may be in the order of 10 or 12 db, which must be compensated for by 
the automatic gain control in the receiver. 


From the above it can be seen that the gain of an average microwave receiver 
need not exceed 75 db. Where longer paths are to be utilized or where 
greater fading margins are desired, the receiver gain must be increased 
accordingly or antennas having a higher gain must be used. 


23.9 SITE LOCATING 


As previously pointed out, it is desirable to have a clear line of sight path 
between the transmitting and receiving antennas at microwave frequencies. 
The first requirement of any prospective radio relay station site, therefore, 
is that it be capable of providing an unobstructed view of other stations in 
the system with which it must work. 


The requirement of line-of- sight transmission paths immediately puts a 
restriction on the repeater spacings that can be used. It has been found 
that the depth of fading of the microwave signals increases rapidly with the 
path length and this factor tends to limit the repeater spacings even though 
longer optical paths might be available. Practical paths of about 35 miles 
are common although spacings as great as 50 miles have been used. 


As previously mentioned, first Fresnel zone clearance is desirable and 
this also is a determining factor in the location of microwave antennas. 


The type of terrain likewise is of importance, since fading is apt to be 
objectionable over large bodies of water or through river valleys and such 
paths should be avoided wherever possible. 


A further consideration in laying out a microwave route is that of over-reach 
interference. For example, if four consecutive repeater stations on a route 
are considered: transmitter No. 1 would be operating at the same frequency 
as transmitter No. 3 and thus could produce interference if receiver No. 4 
could copy both transmitters. It is, therefore, desirable to stagger the 
intermediate stations slightly when directive antennas are used, increasing 
the amount of stagger as the directivity of the antenna is decreased, and 
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to change the polarization of transmission each time a frequency is re-used, 
To select sites in accordance with the above requirements, as much infor- _ 
mation as possible is first collected on the topography of the route over 
which the transmissions will occur. Aerial surveys may be made or maps ~ 
may be secured from various federal agencies, state and county. governments, © 
U.S. Sectors ca! surveys, or even the road maps distributed by oil compa- ~ 
nies. Tentative sites are selected and their elevations plotted on a profile 
sheet. | : ; ; - ; a A : 3 ae . sees a 


The profile is nosmally plotted above a 4/3 earth radius” curve drawn on the’ 
paper to take into account the bending or refraction of the radio waves __ 
around the curvature of the earth. The vertical scale of the profile is in 
feet of elevation and is plotted accurately to ten or twenty feet. The 
moEaCores eg is usually in miles. 


Hees ssuabiiened tentative site canons. by means of the topographical | 
maps and the profile sheets, which will give suitable path loss and suitable ~ 
clearance, it becomes necessary to.determine whether the locations will 
meet other requirements. Among these are interference due to over-reach; ~ 
interference due to buildings or large objects, such as water tanks, which — 
might appear on the maps; interference from other services operating in the |. 
microwave region; right-of-way problems, especially access to the location _ 
for personnel and vehicles; availability of power supply; access to other. 
telephone plant facilities for order wires; line connections, etc., and — 
whether the tower heights required for adequate clearance are sufficiently 
remote from air fields to receive concurrence by the Civil Aeronautics. 
Administration. It has been found that even though a particular site may  —_ 
meet all requirements for satisfactory transmission, it still cannot be used 
because of excessive price or regulations. It is therefore necessary to. 
make preliminary field inspections and wherever possible select alternate 
sites for each oe the preston sites along a route. 


As a final seek, it is desirable to make actual tests of the line-of-sight, 
which may be done either optically or electrically. For a rapid check, a 
sealed beam type of spotlight, which is prefocused to provide nearly _ 
parallel light, is available. This is rated at 40 watts and operates from 
6 to 8 volts. —— | | 


A spotlight may r be euiiaped with a flashing device to permit easier identi- =, 
fication and can be used up to distances of 30 miles. This technique is 
suitable for many of the shorter paths, but may not be adequate for es-_ ‘ 
tablishing first zone clearance on longer paths. In such cases, a path loss 
testing set, which consists of a portable transmitter and portable receiver, — 
is available. These may be set up at the respective site locations and an 
actual measurement made * to accurately caer the location ae reflection: 
‘points. : : 
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23.10 STRUCTURES 


Many types of physical arrangement of building, antennas and towers have 
been used, depending upon the location and degree of permanence of the 
service. On main routes using TD type of service, permanent buildings 
are usually provided of concrete or concrete block and provision made for 
adequate emergency power installation such as engine driven alternators. 
On side-leg routes or routes involving temporary service, prefabricated 
metal or wood buildings may be used. Wood is not recommended, however, 
if gasoline engines are to be used for emergency power. At the terminals 
of radio routes, where possible, the equipment is mounted at the top of 
telephone buildings or other high buildings, using existing space or adding 
penthouse structures. | | 


Antennas may be mounted on heavy four leg towers, structurally designed 
to handle four to eight of the horn type radiators. In other cases, it may 
be desirable to use an A frame type of tower, with a reflector suspended 

at the top, and the antenna mounted at ground level. This is frequently 
done on side-leg routes where the parabolic or dish type antennas are used. 
In such cases, consideration must be given the antenna location. It may be 
placed inside, close to the transmitter and an electrically transparent 
window placed above it. 


Several window materials are available and include both plain window glass 
and plexiglass. A composite material utilizing two facing sheets of fibre- 
glass, separated by a core, is manufactured by the U. S. Plywood Corpo- 
ration and has been found to be quite satisfactory. Flat glass or flat 
plexiglass has introduced difficulty due to reflections and, therefore, is 
usually made up in the form of corrugated sheets. When window materials 
are used, they should normally be placed at an angle of at least 15° to the 
radio path to avoid undesirable reflections back into the transmitter. 


When a dish type antenna is placed horizontally outdoors, provision must 
be made for drainage and for the melting of snow and ice that may collect 
in it. Provision must also be made for avoiding a collection of leaves and 
debris. In some instances, the antenna has been mounted to radiate 
horizontally into a reflector which redirects the energy upward to a second 
reflector at the top of a tower. This in turn directs the energy horizontally 
in the desired line-of-sight. Whether transmission is directly from antenna 
to antenna, such as in the lens type radiators, or whether it is from 
antenna to antenna through one or more reflectors, provision must be made 
for properly orienting the transmitting antenna, the receiving antenna and 
the reflectors, so that maximum energy is received for a given power 
output. This orientation becomes quite complex as additional reflectors 
are included in the transmission path. In addition to proper directivity, 

the receiving antenna must also be checked for polarization, since under 
some conditions there may be a shift in polarization of the transmitted 
Signal. 
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A further complication appears in the form of antenna lobes. A directive 
antenna is assumed to radiate its energy in a narrow angle which gives a 
transmission pattern resembling an elongated tear -drop, called a lobe. 
Unfortunately, with practical designs, additional pairs of lobes of much less 
intensity are usually to be found at an angle to the main or major lobe. 

It is, therefore, possible to orient antennas so that the energy is being. 
transmitted and received on minor radiation lobes. A check of ae sae cd 
path loss versus computed path loss will quickly determine whether or not 
this is the case, 


23.11 ORDER WIRE AND ALARM CIRCUITS 


Although Bede wire and ern circuits are not penenaliy ede. up of micro- 
wave components, a microwave system is incomplete without them. Micro- 
wave repeater stations are normally unattended and there must be a means 
of communication between stations and between stations and control offices 
for the use of maintenance men on routine and trouble locating trips. Alarm 
circuits are essential to keep the terminal offices informed of the. operation 
of the intermediate points. Such alarm systems run the gamut from very 
simple to very complex arrangements. A more complex alarm system | 
will indicate loss of received RF signal, loss of transmitter power output, - 
loss of commercial power, starting of the auxiliary power plant, open doors . 
or windows, fire, fuse alarms, and many other types of information. These 
alarm circuits may also be used for control functions and permit the remote 
_ turning on or turning off of equipment, starting of gas engines for test runs, 
remote switching of side-legs from one channel to another as well as many — 
otnier special functions. : 


Where wire facilities are not available, it is possible, with permission of 


the Federal Communications Commission, to use a paralleling microwave 
system to furnish the order wire and alarm circuit facilities. 
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GENERAL CONSIDERATIONS INVOLVING CARRIER SYSTEMS 


£4,i INTRODUCTION 


{t is well known that any one of the 50 million telephone subscribers in the 
fell System can talk to any other, and further, that he can expect the con- 
nection to be established quickly and that the charge will be reasonable for 
fhe service rendered. When one realizes the many out-of-way places in 
which telephones are located, and the devious routes by which the connection 
may be established, this performance looms large as a technical achieve- 
ment. Thirty years ago there were only 36 long distance circuits whose 
length exceeded 1, 000 miles, Today that number has increased more than 
one hundred fold, | | a | 


For many years, ‘the medium used to connect two remotely situated sub- 
scribers. has been divided into two parts, the exchange area system and 
the toll or long distance system. Just as faster and faster airplanes have 
removed the seeming impediment of distance, so do improved mechanical 
means of switching tend to make artificial the distinction between local and 
long distance service. Rather, the distinction is one of the toll or charge 
to be billed against the custameyr for the extended range of the service. 
Even this point of view may be brushed aside as we gaze hopefully into the © 
crystal ball and see future transmission systems carrying thousands of | 
messages from coast to coast at such a low cost that they will perhaps. 
necessitate a charge of only a few additional message units. 


Needless to say, this bright vision of essentially local service on a nation- 
wide basis will not be had merely by wishing for it. The present state of 
the art has been reached through continuous efforts to bring about improve- 
ments and economies and by planning to take advantage of each new advance 
as it materialized. The over-all telephone system is today divided into 
exchange and toll categories. 


The transmission afforded by the toll plant must always be considered in 
combination with that provided by the local plant. While this must always 
be so, the philosophy of working each intertoll trunk at the maximum of its 
capability tends to divorce toll circuit design from the exchange area design. 


The great increase in the number of long toll circuits was made possible 
by the advent of high velocity carrier circuits. By virtue of careful design, 
noise and crosstalk have been relegated to secondary importance so that 
echo tends to be the controlling factor in circuit design. 


os 
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24.2 CHARACTERISTICS AFFECTING USE OF INTER TOLL FACILITIES 


There is no simple dosniule seco defining the fields Bea use of various 
types of intertoll facilities. Over-all economy should determine the instru-_ 
mentality selected for each installation. Intangible factors may well take 
precedence over simple dollar calculations. For example, the use of a 
radio system to parallel an existing landline, rather than to provide a less 
costly relief of like type, may be justified in some cases purely from the 
standpoint of continuity of service. Sucha decision would be based on the fact. 
that the likelihood of simultaneous failures involving both ayESd of systems 

is very remote. - 4 | , 7 


Figure 24-1 lists the ppincipal toll eatenie in ae. order of their eotecies 
of propagation. Echo becomes more critical as the velocity is decreased. 
Echo is the primary consideration today in determining minimum allowable 
circuit loss. Other conditions being equal, the nearer the top. of the Table, 
the lower the permissible: net Hone os Ee. facility. , | 


oxen OTT eS 


PREFERRED ORDER OF CHOICE OF INTERTOLL FACILITIES - | | 
=" FROM. THE STANDPOINT OF ECHO - . 
Choice ; “41 _ - - Facility - 
Best. Radio System Channels (All Types), 


(High Velocity) Type L Cable Carrier 
_ Open Wire Carrier Systems 
ae - Type K, N or ON Cable Carrier . | 
a | VF Open Wire or 4-Wire Light Loaded Cable 
4 VF 4-Wire Medium Loaded Cable 
Poorest = VF 2-Wire Loaded Cable 
(Low Velocity) | 


‘Figure 24-1 


Since all types of eases maucuey facilities are sradagliy being superseded 
by carrier circuits for intertoll usage, we ies conae the ponte ne dis - 
cussion to carrier systems. | 


In practice, system lengths are subject to Seasidecaic vatiation. The 
minimum length is determined by the relative costs of line facilities and 
terminal equipment. Maximum length is determined by fundamental system 
design and the noise and crosstalk performance of the line facility. Develop- 
ment of systems to work over long distances requires particular attention 

to regulation, distortion, and system noise problems. Components of the 
terminal equipment must be manufactured to finer tolerances as the intend ed. 
length of os ile is. increased, . oy, 
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The number of systems that can be operated in parallel ona given route is 
determined principally by the refinement of design and care in construction 
of the outside plant. This is particularly true of open wire systems. By 
sacrificing channels and limiting system length, use is frequently made of 
Open wire that is of a grade materially eee than that contemplated wean 
the s system was developed, 


z=; stems Listed in Ap roximate Order of 


Ultimate Line and Repeater Terminal Costs 
Route Capacity — Costs pee Circuit per Circuit Flexibility 

- Least Ol L3 0 3 Nl | L3 
Nl Ll Ol | Ll 

K ON | ON K 

To ON | NI K Nl 
| Li | | K Ll ON 
Most 3 o1}) L3 ol 


NOTE: 


(1) The line costs for Ol vary over a very wide range, depending on 
circumstances, and on some routes may be less than for ON or NI 
and on others more than for K. 


Figure 24- 2 Simiasy of Ghavectavtstics Affecting Field of Use of 
Carrier Systems 


Figure 24-2 lists some of the more common systems in relative order with 
respect to characteristics which determine their selection for a specific 
application. (Flexibility indicates the smallest block of channels that can 
be conveniently dropped off at intermediate offices along the route.) Other 
pertinent considerations not shown in the Table are: 


a. The system must be capable of providing an acceptable quality of 
transmission over the distance to be spanned. 


b. If existing outside plant is to be employed, it must be made suitable 
for the proposed system. This work may be an important factor in 
the cost of a project, Voice -frequency loaded cable must be deloaded 

for carrier operation. Cable pairs to be used for K carrier require 
special treatment to minimize crosstalk. K, N or ON routes may 
need protection against the influence of noise from external sources. 
Realizing the ultirnate higher frequency carrier capacity of an open 
wire lead usually entails extensive transposition rearrangements. L3 
cannot be substituted for Ll without substantial ex pencteurce for new 
repeater stations. | 
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c. The seSpoeka secten must be compatible with those already in oper- 
ation on the route. Type J and higher frequency O systems usually 
cannot be operated on the same lead. Only under the most favorable © 
conditions can N or ON systems be added to a K carrier route without 
7 sacrificing several channels per system. : _ 
d. If the system dees not’ have suitable built-in siguailing features,’ ‘the 
. cost of the necessary auxiliary equipment must be considered, 


e. The type and capacity of availabie power plants may be an important 
consideration. — eat, 


As with the choice between the several types of carrier systems, there is 

no unique field of use that ‘may be said to be assignable to radio in perference 
to the construction of land line facilities. Each case must be studied on its 
own merits, and considerations other than the purely economic ones may be 
ae Generally carrier is most economical around 15 to 25 moles 


| Any system for giving a particular type of service is under constant pres sure 
from a variety of forces. ‘These may result from natural growth, competition 
based on new discoveries or improved arts, need for increased revenue, or © 
greater efficiency. Generally, all these forces are acting at all times, . 
though one will usually be more significant than the others. An effort to 
maintain the status quo in ‘a. system tends to make it outmoded because of 

the very considerable effort toward improvements in present-day industrial 
research. On the other hand, a coordinated effort to apply new devices to 
existing systems tends to improve the economics of operation and at the. 

same time to give better service. ? | 


24, 3 THE INCEPTION OF A NEW SYSTEM 


Growth, expansion, and change are stimuli which are within the experience 
of each one of us. They appear in plant, animal, social, and economic life | 
and they also appear in industrial life. In the telephone business, these 
forces are constantly at work and it is the operating telephone people who 
feel them at the customer level and interpret them into telephone needs. 
Frequently these needs cannot be met by existing arts, and further study 
will indicate the need for a new system. Needs are not the only factor. 
Sometimes research and invention indicate that a task can be performed 

by new methods which are faster, better, and more economical. Depending 
on the degree of improvement, the new system may be installed where 

plant extensions are required or it may actually be used to replace existing 
plant. It is the purpose of this section to touch briefly on some of the factors. 
which individually or in ev aan may lead to the ape option of a new 
a 
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Functionally there are three main organizations involved in recognizing the 
need for anew system. First, there is the operating telephone company 
which is the consumer of.a new system, and which is in best position to 
know the needs of the customers. Then there is the American Telephone 
and Telegraph Company which acts as a co-ordinator among the various 
operating companies, analyzes transmission problems, advises on policy 
and problems too complex for an individual company, and confers with the 
Bell Telephone Laboratories regarding the needs for new development. | 
Finally there is the Bell Telephone Laboratories which is primarily con- 
cerned with research and its application and the improvement of existing 
systems. There is also some contact at the higher organizational level of 
the Laboratories with the operating telephone people, generally in company 
with representatives of the American Telephone and Telegraph Company. 


The operating telephone companies are directly concerned with the collection 
of revenues and the payment of operating expense. They are therefore 
acutely aware of situations which tend to increase expenses and they are — 
likewise cognizant of the need for any service which would increase revenues. 
To keep abreast of the situation, they make provisional estimates which 
include the best guesses concerning plant requirements for the future,- 
sometimes projecting as much as 3 to 5 years ahead. These studies include 
estimates concerning the direction and amount of population growth and the 
most economical means of handling the traffic. As an example, it may be 
shown that the traffic between two moderately sized cities forty miles apart 
will double in 5 years due to an increasing community of business interest. 
Since the present traffic utilizes practically the ultimate development of the 
existing plant, it will be necessary to increase the capacity by the same 

type of plant or to find some new medium. 


The American Telephone and Telegraph Company will be informed of the 
expected expansion and need. It may receive similar information from 
other companies and may then poll those remaining as to whether or not 
they expect such situations to arise. If there are sufficient affirmative 


answers, the American Telephone and Telegraph Company will transmit to. : 


the Bell Telephone Laboratories, through suitable channels, a statement 
that a new transmission system is needed which can operate over existing 
facilities and prove in economically over additions similar to the present 
facilities which might be 19-H-88 loaded cable with or without repeaters. 
The solution might indicate development of a new carrier system which 
would be radically cheaper than any heretofore produced. This period 

of discussion leading up to the eccreaan to go ahead would be called the © 
inception of the new system. | 


Similarly, pro ieicnal estimates might be expected to indicate the need for 


improved telephone sets, negative impedance repeaters, community dial 
offices, or rural radio. 
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High - -level management must at times indicate the need for new systems | 
because of its recognition of social trends. This source‘of inception may be 
a deciding factor in cases that would otherwise tend to be indeterminate. In 
this category might be placed such systems as transoceanic radio, vehicular 
radio, and the rapid advance of a coaxial network which can be us ed for, 
television if the demand < arises, 


Kermbers of the Laboratories are alsoina favorable position to bring. about 
the birth of anew system. Because of their familiarity with existing systems, 
they are ina particularly good situation to recognize the aa of | new 
devices resulting from ahaa and COV e ore nne 


When new systems sue within the ‘Laboratories, the feewetan is in the 
reverse direction. This takes place by sending a. development letter, gener - 
ally called a DL, through lines of organization to the American Telephone 
and Telegraph Company,. calling attention to the new development, stating — 
its important transmission characteristics, cost, and field of application. 
The American Telephone and Telegraph Company in turn transmit this . 
information to each telephone company, requesting data concerning the | 
possible number of appt enone and. inviting further inquiries. - 4 


The foregoing discussion has indicated the means by which information con- 
cerning the need for a new system or the availability of anmew system is 
focused into the proper channels for action. It will now be of interest to 
investigate in somewhat mre detail the procedures within the Laboratories 
by which the general requirements are set up, which in turn lead to the still 
more Ceratred design of circuit cQmEcneats: | 


S} stem Re uirements 


Having decided that there is need for a new transmission system, it next 
becomes necessary to specify more completely the conditions under which 

it will work so that the transmission engineer can set up some general trans- - 
mission requirements. In any such development, it is always necessary to 
do a certain amount of looking ahead at the transmission aspects in order 

to reach more general conclusions. This tends to make the distinction 
between inception and planning a rather artificial one which is mainly useful 
for purposes of discussion. In. many developments, progress is in the nature 
of ever awirening circles, ‘based on a central core or idea. 


Asa starting point, the broad species are restated with boundaries which 
fix the scope of the system under consideration and indicate the probably | 
direction of detailed investigation. This review is made at a conference or 
series of conferences attended by representatives of those departments who, 
because. of prior experience or present aptitudes, are in a position to con- 
tribute most to the ultimate development. Among the matters resolved about 
the new system will be such aoeeenne as: How will it fit in with existing 
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plant? Will it require new and unfamiliar types of maintenance? In what 
sort of traffic will it be used - tandem trunk, interoffice trunk, single or 
multilink toll connection? Is it amenable to growth? Does it possess 
flexibility with regard to.transmission losses and traffic handling capacity ? 


The result is a broad statement indicating such decisions as 


i. Transmission must be satisfactory over a particular gauge in aerial 
cable, under certain extremes of temperature. 


DN 


A carrier system will be used. 


3. Each carrier system should have not less than a certain number of 
channels, four, for example, and need not have more than eight 
‘channels. | | 


4, The cost must be as low as possible and must not exceed a specified 
Himiit. 


Dx.. Tae system will be used as a tenminacns circuit; that is, it will not 
be used in tandem with other circuits on each side. 


6. Voice-frequency signaling will be used. 


These conclusions are tentative and some may be based on information 
provided by certain of the conferees who are familar with current technical 
eoVeHODrIcErS: 


At this stage it becomes possible to draw a peheme ae in box form, indicating 
the basic circuit functions such as PEC TINE y modulating, ie oe a mixing, 
and cemroeuarines 


The early planning is an extremely important part of the work and requires 
considerable knowledge and familiarity with the existing telephone plant. A | 
carefully considered plan will take into account such things as the pos sibility 
of additions, changes in transmission or operating requirements, and the | 
possibility that the initial requirements are not complete. On the other 
hand, a plan which adheres strictly to a stated requirement may necessitate 
later changes which are expensive, particularly if they must be made in the 
field. Obviously the cost is a factor and it is not reasonable to spend money 
unnecessarily, but if on the other hand it ig possible to devise an arrange- 
ment of eee potential at very little or no extra cost, it is a wise plan 

to adopt.. 


Formulation of Transmission Requirements 
Having decided upon a rough schematic of the new system, it becomes 


necessary to specify in quantitative transmission terms exactly what function 
each block shall perform and under what condition it shall work. As in most. 
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phases of development work, there is a considerable amount of discubdiin 
back and forth, consideration from all viewpoints, evaluation of one type of 
element relative to another or one method versus another. This progress 

is generally not continuous ina single direction, proceeding from the — | 
original objective to a completed circuit element. It is more like a drift 
containing the Brownian movement of physics in which progress is in discrete 
steps, frequently moving sideways or even backwards when it bumps into. 

the impedance of another related component. This represents compromise 
and it results from weighing the relative importances in the peat interest 

of the ultimate objective. : 


Each of the various schematic boxes must be separately considered so that 
its performance is satisfactory and integrates with the other boxes to pro- 
vide an over-all assembly which possesses the economic advantage that is 

desired. The importance of the cost angle must be constantly in the fore- 

front of consideration. 


The result of these analyses, which do contain a certain amount of forward 
looking, backward looking, and assumption, is a tabulation of significant 

_ quantities which will enable the circuit and apparatus designers to specify 
existing circuit elements or design new ones. These points are extremely 
important as they bear directly. on the future activities of a good many people, 
and an error in decision which costs manpower is a grave matter, particu- 
larly at times when a shortage of manpower is incident. It is not to be 
expected that perfection will be achieved immediately but it is a worthy 
objective in any and all problems. Some of the quantities derived and their 
significances are discussed below. 


Noise is a determining factor in all design problems. Basically, telephone 
transmission is satisfactory when the customer receives his message ata 

- loudness which is such that the noise present is not a disturbing factor. ; 
This relationship is described by the signal-to-noise ratio, frequently written, 
_$/N, and is well known from long experience with the problem. The required 
value of S/N depends on the type of service and the point in the circuit being 
considered, It is important throughout the system, regardless of the frequen- 
cy or nature of the signal. Noise is important to the new system from two 
points of view: first, that which is introduced into the system by its own 
components. Needless to say, components must be so designed that they 

do not act as noise sources to other systems. This last point is one of the 
"broad system'' aspects which arises when it is proposed to introduce a "new"! 
_ system were to be the only system of any sort.in operation. A very acute 
example of this systems aspect arises when a radio link intended for point - 
to-point service is sategmated into an existing system. 
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Knowledge may be lacking when a new system is proposed for operation in 

an area which has heretofore been unexplored. In such a case, it may be 
necessary to make assumptions regarding the noise, based of course on com- 
putations, extrapolations, and best guesses. These should be justified as 
soon as possible by measurements in the proposed field of application of the 
new system. 


Level of the signal is closely related to noise and is a very important para- 
meter in determining the choice of such components as modulators, tubes, 


magnetic elements, or nonlinear elements. There are two important aspects 


to level. The first is given by the ratio of signal level to noise and the 
second is the variation in the level of the signal from its average value. The 
necessity for knowing the S/N ratio gives rise to the level diagram which 
plots the level of the average signal (or a test tone) and the noise at various 
points in the over-all system, By means of this chart it is possible to fix 
the relation between gain and spacing of repeaters. The distribution of 
signal powers in an amplitude system determines the maximum power | 
A; andline capacity of an element at a given level point. This interrelation- 
ship in a wire transmission system of repeater gain, spacing, and size of 
tubes is an important one which must be worked out ona cost basis, taking 
into account such imponderables as accessibility of repeater locations and 
maintenance. 


The eceee tale problem involves unwanted transmission into or from the 
circuit under consideration. Its importance depends on the magnitude of 
the coupling between the two circuits and is generally expressed as a decibel 
loss. The amount of crosstalk power delivered into the disturbed channel 
is related to the levels; hence, these two factors, coupling loss and level, 
must be properly co-ordinated. Crosstalk coupling may exist by virtue of 
dir ect. capacity coupling, as between two adjacent pairs in a wiring plan or 
cable. .In this case, the loss decreases with increasing frequency because 
of the. nature of capacity reactance. It also depends on the construction of 
the cable with regard to the length of a twist in the pair, the arrangement 
of color groups, the nature of the insulation, and other factors. In open- 


wire lines, the cros stalk is by-inductive means and depends on such factors : aes - 


as spacing of pairs, position on the crossarms, and transpositions which 
are analogous to the twist. of cable pairs. Crosstalk may also occur 
indirectly through an intermediate coupling path. It is sometimes denoted 
by the position in the circuit at which it occurs, such as near end or far 

end. When crosstalk does occur, it effect is generally to place a penalty 

on some other factor such as repeater spacing. The art of ameliorating 
crosstalk effects is important and highly developed and is of course co- | 
ordinated through the medium of cost studies to determine the most economi- 
cal system. The resultant figure is adopted as the allowable crosstalk, 
subject always to later revision if developments indicate that such action is 
advisable. : 
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The seemiasibie level of cross eneauis aes relative to the signal i is statéd 
for multichannel systems. This factor will have a bearing on the linearity | 
of amplifiers, the types of modulators and demodulators, and the discrimi- 
nation of filters, It-is generally more severe for higher signal powers;. 
hence it enters into consideration of the number of channels and the power 
handling capacity of circuit elements such as magnetic cores and vacuum 
tubes. A figure is chosen which represents the best compromises anmong. 
these several factors. : 


The frequency band in neck the signal is to be transmitted must be fixed as 
the result of a rather critical review of a set of somewhat complicated’ 
interrelated factors. In a typical ‘cable, an increase of frequency neaiee 
the crosstalk problem more acute. It also increases the attenuation, but 
tends to have compensating effects because the difference in attenuation at 
the two ends of the band decreases for a given bandwidth and the effects. of 
temperature variation are more conveniently handled. In open-wire lines, 
an increase of frequency tends to increase difficulties,.- due to noise of an 
impulsive type, suchas static; to make the crosstalk problem more severe; 
to make the matter of bridging circuits more difficult because of quarter 
wave length phenomena; and possibly to interfere with or be interfered by 
low-frequency radio propagation. The number of channels to be transmitted 
determines the bandwidth-and thereby affects its location because as already 
pointed out there are advantages to keeping the band as narrow as possible 
on an octave (or per cent) basis. The location and width of the working: band 
is chosen as a result of these considerations. 


Signaling is a necessary operation to prepare any telephone connection for. 

the talking condition. Bearing in mind what has been said about good planning, 
it is desirable to consider the best means for including Signaling in the new 
system. This must resolve the question of whether it is cheaper to apply | 
existing techniques or to develop entirely new methods; whether each channel 
should signal over its own transmission channel or all signaling should be 
over a separate channel restricted for that purpose enlys. | 


retecucs of the new system from foreign potentials must be accounted for. 
Likewise, the system must be restricted to maximum voltages which are | 
not hazardous to operating personnel or possible sources of fire in case of 
failure. Underwriter pea noen rules must be carefully considered in this | 
connection. : | 


Power supply is always an important factor in the cost of a new system, 
especially if it must be supplied at remote points. The need for a reserve 
power supply in order to insure continuity of service is sometimes an 
expensive item which weighs heavily in the ultimate choice of both power 
supply and routing of the new system. Power is sometimes supplied over 
the channel conductors or added conductors where maximurn economy is 
essential, but it must be counterbalanced by the significance of voltage 
drop in the lead wires and nepureticn at the point of consumption. These 
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matters also bear on the type of tube which is to be used and vice versa so 
that ultimately power supply, tube type, tube gain, tube power handling 
capacity, and repeater spacing are all interrelated in typical systems 
fashion. A choice is reached after proper consideration of the various. 
angles. 


Maintenance is a continuing expense; hence, it also is a factor in formulation 
of a new transmission system. Circuit elements which have long life, uni- 
formity, ease of manufacture, and low cost must be chosen or designed. 
Maintenance also affects the arrangement and accessibility of parts. 


The final formulation for the new system results when the various factors 


indicated above have been thoroughly co-ordinated by all the groups interested ; - . 


in the prablem. This formulation enables filling in the characteristics of 

the boxes in the block schematic and represents the best way of laying out the 
new system, in the judgment of those who have participated. At this stage, 
the plan must be reviewed at the top executive level where approval is given 
for the general arrangement, and authorization is granted to proceed with 
the detailed design of the components which will go into the manufacture 

of the system. 


The ee ccuiive authorization to proceed with the development brings about 

a considerable change in the character of the effort expended. Up to this. 
point the work has been on a broad basis with some of it being on an explora- 
tory and speculative basis. This planning stage is therefore charged to the 
telephone. companies in accordance with the contractual obligation to assist 
them in realizing the benefits of scientific research and development. In 
the detailed design stage, which follows thereafter, there is a need for 
injecting specialized knowledge, experience, and skill into the project. 
Accordingly the over-all plan is broken into its various parts, with the 
result that the number of people engaged in the work is greatly increased. 
Since the design effort in this next stage is directed toward the production 
of physical components, the work is charged to the Western Electric | 
Company which will manufacture the parts and assemble and install the 
system for sale to the telephone companies. : 


Design Stages 


Having acquired full approval and general agreement up and down the line 
of organization for the general formulations of the new system, it next 
becomes necessary to convert the ideas expressed into a working reality. 
The work is parceled out as agreed and the designers begin to assemble 
tubes, resistances, condensers, and other components into a circuit 
arrangement which it is believed will penton the desired function in the - 
most se manner, : 
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All that has been said concerning the advantage of planning of good on 
applied with equal force to planning a good design to perform one of the 
necessary functions within the system. <A few of the attributes which might 

be mentioned are the following: The design must be economical to build and 
operate; it must be rugged in construction; it must have long life and low 
maintenance with easy replacement of parts; it must be uniform in performance 
with a minimum effect from circuit variables; and it must be easy to manu- 
facture and install with the adjustments made noncritical, not interdependent, 
and few in number. These attributes are not easy to meet, and : so once again. 
design planning of the highest type i is the order of the day. 


To carry out the design, it is desirable to analyze the formulations in critical 
fashion to be sure that none has been omitted and to be certain that those 
stated are correct. It will be recognized that a number of different groups 
are designing at the same time, all aiming at the same objective of producing 
a good circuit function element ata specified future time. This time element 
is important, for if 10 pér cent of the work is unfinished, the whole system © 
is unfinished. To reach completion sometimes requires a pragmatic com- 
promise with perfection, _As each design group progresses, avery close | 
co-ordination is necessary to insure that changes deemed necessary by oné 
group are known by all so that any adverse effects may be compromised and 
any unforeseen advantages evaluated and utilized. 


The result of the design work ina group is to produce a "breadboard" model 
which is the physical embodiment of the working principles, but which lacks 
the physical arrangement and wiring of parts that go into a final model. The 
term had its origin in the fact that designers working in the laboratory found 
it convenient to fasten their circuit elements to a breadboard of the type used 
for rolling out pastries in the home. In the successive stages of design, it 
is quite common to transfer the model to a metal plate, particularly if the 
circuit operates at relatively high frequencies. Although the term "brass 
_board'' has sometimes been applied to this step, it is commonly understood 
to be included in the general process of breadboarding. The development of 
a breadboard model is a continuous process of adjustment and measurement, 
aimed at evaluating such factors as variability of precision in manufactured 
circuit components, aging effects, changes in operating voltages, and changes 
in temperature. At the same time it is necessary to be on the lookout for 
second-order effects such as unwanted mutual impedances between circuit - 


_ meshes or between one panel and another (possibly that of another designer), 


excessive levels, unexpected noise sources, modulation products, or > 
longitudinal Snacks: : 


Inevitably, presaheatding leads to some changes in design and sometimes to 
a revision of the initial requirements. These may result due to some new 
outside developments reaching fruition after the start of the design or from 
failure of an element to perform its intended function satisfactorily. Within 


a given breadboard there may be one or more pieces of new apparatus each 


of which Fepres ents a weer prayers to which all the usual criteria have been 
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applied. Thus, within a MOdulator-DEModulator unit there may be new 
amplifiers, new filters, and new varistors contributed by specialist designers 
who turn them over to the circuit designer of the modem unit who is doing 

the breadboarding. 


Equipment designers iit be working somewhat in saeaticl with the circuit 
man to provide a permanent mounting and wiring arrangement of the bread- 
board model, These two zg roups will prepare manufacturing information 
from which the final product is tarned out. Standardization is an important 
aspect at thie stage and a critical review is made to be sure that the maxi- 
mum number of : standard coded elements has been used, and that the number 
of new codes has been minimized. The importance of this point will be © 
appreciated when it is realized that drawings must be on file, machinery 
designed and stored, and raw,materials stocked for each and every coded 
item, This requires a large investment in space and material and is a very 
expensive pr onoE ition, especially for items of small demand. 


After a lapse of time — which there has been much co-ordination, 
compromise, advance, and retreat, each design group will arrive at its 
breadboard model ad raanufacturing and testing information will be pre- 
pared. The Western Electric Company then manufactures and assembles 
a small number of tool-rnade models according to the specifications, and 
if the future production is expected to be large, the samples may actually 
represent trial production from a pilot plant set up to gain manufacturing 
experience, These models will then be used for a limited scale trial 
installation, the location of which will be arranged by the American Tele- 
phone and Telegraph Company in co-operation with the operating telephone 
companies. In turning out the tool-made sample, there is likely to be 
considerable collaboration with the designers to iron out kinks which show 
up in the specifications and testing routines. The extent of this collaboration 
might involve sending a Bell Laboratories man to assist the Western or, 
convers ely, the Western might send a man to learn more about circuit 
functi oning. -— 4 


Design of testing equipment for the operating field people must proceed in 
parallel with the design of the system. This is particularly true when the 
system operates by virtue of a new or unfamiliar technique. The designer 
may have such tools as part of his stock in trade but frequently they are 
not in suitable form for field use. He must therefore modify the form or 
design new test equipment, bearing in mind all the foregoing discussion 
and adding to it the cardinal principle that test equipment must be an order 
of magnitude more precise than the quantity it is intended t to fix. 


Before fuli-scale production is started, it is customary to subject the new 
system to a period of field testing. At this point it will suffice to say that 
field conditions can never be fully duplicated in the laboratory and there- 
fore they may show up weak points in the new system. When such is the 
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case, ways must be found for correcting the deficiency, and appropriate 
changes made. The proper co-ordination must be effected all through the 
design organization to be sure that changes which are made cure the ill and 
do not transfer it to another member. Manufacturing specifications and 
testing routines must also be modified, as needed, | 


Part of the objective of field trials is to obtain information and experience 
which will assist the transmission engineer to write the necessary material 
for Bell System Practices, which are a body of instruction and information 
written for the help of the telephone company engineers. Since they are to 
be delivered to the operating companies, they are released by the American 
Telephone and Telegraph Company, which also writes certain ones. 
However, the more technical aspects are drafted by the Laboratories and 
submitted to the American Telephone and Telegraph Company for its comments. 
This division of work is somewhat fluid and is fixed by mutual agreement, 
hinging on such factors as man power and complexity of the transmission 
system. | | 
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